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I. OVERVIEW

A. Summary

EEG Systems Laboratory develops and applies advanced technologies for measuring and imaging neu-
rocognitive signals of the human brain. During the three-year funding period, 4/1/87 to 3/31/90, a
number of objectives were accomplished. First, we completed an experiment which measured, for the
first time, the effects of sustained mental work on functional networks of the human brain. In addi-
tion to the well-known global decrease in cortical activation with operational fatigue, we found signs of
differential alteration of cortical networks during split-second pre- and post-stimulus intervals of a dif-
ficult visuomotor--working memory task. The pattern from the prestimulus interval, which required
maintainence of previous stimuli in memory, changed most dramatically during hours 7-9, which was
before performance had significantly declined. The pattern associated with inhibiting a response, when
the current stimulus matched the remembered stimulus from two trials back, changed most in the
final two hours of the session. The pattern associated with feature registration of the visual stimuli
was least affected. It seems feasible to further develop this technology into an early-warning system
to detect immanent transient cognitive lapses. The report of these findings has been accepted for
publication by the journal Electroencephalography and Clinical Neurophysiology, and the preprint is
included in this report.

Second, we conducted an experiment to measure functional cortical patterns during elementary gra-
phemic, phonemic, semantic, and grammatical tasks. Nine 59-channel EEG recordings were made,
and an initial analysis has been completed. Spatial and temporal evoked potential features dis-
tinguished letter from non-letter, word from non-word, and syntactic from non-syntactic processing.
Diferences between linguistic and non-linguistic conditions were mainly left-sided. The three
language conditions exhibited sharply localized effects over left temporal and frontal cortex, with
differences between the processing of closed class (functional, syntactic) versus open class (content)
words. Evidence for bilaterality of semantic (lexical) function was also found, as was evidence of
priming of visual association cortex for processing unfamiliar graphic figures.

Third, several technological advances were made during the past three years. We expanded our EEG
recording and analysis capabilities from 64 to 128 channels. Data inspection and analysis has been
assisted by the "Scientists’ Workbench”, an interactive exploratory data analysis and display program.
Other technical developments include development of methods and programs for analyzing magnetic
resonance images (MRIs) in order to construct three-dimensional models of each subject’s brain.
These models are used to improve functional-anatomical localization, both for equivalent current
dipole analysis and improved spatial deblurring procedures. Applying dipole analysis to octant visual
steady state stimuli produced sources located near the occipital pole contralateral to side of stimula-
tion and inverted about the horizontal. These results are comparable to intercerebral locations
reported for early latency transient EPs, as well as for equivalent dipoles computed from the MEG.
However, the EEG equipment for this type of dipole analysis costs about 100 times less than MEG
equipment with a comparable number of channels. Although this method proved very efficient and
effective in locating dipoles for simple steady-state sensory stimuli, single equivalent dipoles are not a
suitable model for the complex, distributed processes of cognitive functions. Work is underway at
EEGSL on the development of more realistic models. Our 3-D brain imaging and deblurring tech-
niques are described in a preprint included in this report, titled "Beyond Toupographic Mapping:
Towards Functional-Anatomic Imaging with 124-Channel EEG’s and 3-D MRI’s”".
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‘ B. Scientific Personnel at EEG Systems Laboratory

Steven Bressler, Neurophysiologist

Paul Brickett, Psychophysiologist

Brian Cutillo, Cognitive Scientist, Co-Principal Investigator
Alan Gevins, Neuroscientist, Principal Investigator

Judy Illes, Neuropsychologist

Jian Le, Numerical Analyst

Bryan Reutter, Computer Scientist

Michael Ward, Biomedical Engineer
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‘ II. EFFECTS OF SUSTAINED MENTAL WORK ON
FUNCTIONAL NETWORKS OF THE HUMAN BRAIN
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EEG 89133

Effects of prolonged mental work on functional brain topography

Alan S. Gevins 2, Steven L. Bressler 2, Brﬁ_z_h A. Cutillo *, Judy Illes ?,
James C. Miller ®, John Stern ¢ and Henry R. Jex ¢

* EEG Systems Laboratory, San Francisco. CA (U.S.A.), ® United Siates Airforce School of Aerospace Medicine, San Antoneo,
TX(U.S.A.), < Wasington Unwersity, Department of Psychoiogy, St. Lows, MO (U.S.A.), and * Svstems Technoiogy, Inc..
Hawthorne, CA (U.S.A.)

(Accepted for publicaton: 15 December 1989)

Summary Topographic patterns of event-related covariance between electrodes were measured from subjects performung a
difficuit memory and fine-motor control task for 10-14 h. Striking changes occurred in the patterns after subjects performed the task
for an average of 7-9 h, but before performance deteriorated. Pattern strength was reduced in a fraction-of-a-second-long response
preparauon interval over midline precentral areas and over the enure left hemisphere. By contrast, pattern strength in a succeeding
response inhibiuon interval was reduced over all areas. The pattern changed least in an intervening interval associated with
visual-sumulus processing. This suggests that, in addition to the well-known giobal reduction, in neuroefectnc signal strength,
funcuonal neural networks are selecuvely affected by sustained mental work in specific fraction-of-a-second task intervals.

Key words: Prolonged mental work: Functional neural networks: Eveni-related covanances: Event-related potenuals; Laplacian

dernivation; Spatio-temporal maps: Contingent negauve variation: N1-P2; P300

The high incidence of serious accidents caused
by fatigued workers provides compelling motiva-
tion for study of the deleterious effects of pro-
longed mental work. Although psychological theo-
ries have been advanced to explain how prolonged
mental work affects sensory, motor and higher
cognitive functions (Warm and Parasuraman
1987), spatially and temporally detailed measure-
ments of the associated changes in brain activity
needed to test these theories have been lacking.

Some electroencephalographic correlates of de-
creasing alertness have been described, for exam-
ple, replacement of alpha band acuvity by vana-
ble fast frequency, low voltage rhythms (Roth
1962: Williams et al.. 1962; Kellaway and
Maulsby, 1967: Walter et al., 1967), increase in
deita and theta band power (Lubin et al, 1969),

Correspondence t0: Dr. A.S. Gevins, EEG Systems Labora-
tory. 51 Federal Street, San Francisco, CA 94107 (US.AL).

and an increase in the theta-to-alpha band power
ratio (Matoudek 1967, Gevins et al. 1977; re-
viewed in Matejcek 1982). Hon (1985) reported
increases in alpha wave amplitude over central
and posterior sites and decreases over frontal sites
in the transition from waking to sleep. A study by
Naitoh et al. (1971) demonstrated that the contin-
gent negative vaniation (CNV) disappears with
sleep deprivation. Aguirre and Broughton (1987)
reported that the P300 wave. but not the CNV, is
reduced during daviime sleepiness. Mane et al.
(1983) also showed that the P300 peak is particu-
larly sensitive to prolonged.performance of a task.
None of these studies. however, attempted to ob-
tain temporally and spatally detailed neurcelec-
tric measurements from subjects performing dif-
ficult cognitive tasks over cxtended periods of
time. ‘
The goal of the present study was to measure
the effect of sustained mental work on the func-
tional topography of the human brain (Gevins and

0013-4649,/90,/503.50 O 1990 Elsevier Scienufic Publishers Ireland. Lid.
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Bressler 1988). We used event-related covariance
(ERC) analysis (Gevins et al.,, 1987, 1989a, b) to
measure neuroelectric patterns related to perfor-
mance of a difficuit memory and fine-motor con-
trol task during a 10-14 h period. The task re-
quired that subjects monitor a low event rate (11
events /min), single modality (visual) stimulus pre-
sented from a single source (video screen), and
make successive cognitive discrimination judg-
ments (Davies and Parasuraman 1982). It involved
many processes known to be affected by pro-
longed mental work. such as expectation and pre-
paration, stimulus processing, short-term memory
and attention (Matejcek 1982). The effects of
practice and variations in performance accuracy,
which can degrade the quality of sustained atten-
tion in successive discrimination tasks (Parasura-
man et al. 1987), were carefully controlled so as
not to confound the interpretation of neurophysio-
logical data.

Methods
Subjects and task .

Each or 5 healthy, right-handed, male Air Force
jet test pilots practiced a battery of 4 tasks for

about 6 h. until the learming curves for response
error stabilized. Subjects began at about 1.30 p.m.
the following day, and during the ensuing 10-14 h
performed several types of tracking and cognitive
tasks, including about 1400 visuomotor mamory
task trials. The session consisted of a 5~8Vwork
peniod. a brief dinner break. then another 5-7 h
work period which ended when the subject was
too exhausted to continue.

Visuomotor memory task trials were presented
in blocks of 50. Except for the first 2 tnals in the
block. subjects produced a precise finger pressure
proportional to a number seen 2 trials back (about
11.5 sec earlier). Each tnal began with the disap-
pearance of the letter X from the video screen. A
single-digit stimuius number, which the subject
was required to remember. appeared 750 msec
later. Stimuli were presented for 325 msec on a
Videographics-1I amber CRT monitor 70 ¢cm from
the subject. Stimuli subtended a visual angle un-
der 1.5°, with an illumination of 11 cd/m" against
a background of (Xl cd/m". When the stimulus
number disappeared. the subject was required to
produce a pressure of 0.1-0.9 kg with his right
index finger on an isometric pressure transducer.
The appropriate response pressure corresponded
to the stimulus number presented 2 trials earlier.

VISUOMOTOR MEMOQRY TASK (VMMT)

Fuwst Second
Tne! Tnal
Sturdus
Presented 3 7
» -
| '
H [,
I_________ . ———
Suc act’s
Resoonse None Nor-»
Feecback
Prasented oK oK

Fiz. 1. The visuomotor memory task (VMMT) required that suiriects remember. dunng cach tnal. a stimulus number from 2 tnals
back. an i produce u precise night index {inger pressure in respon.e to that number. Each tnal consisted of a warning (disappearance
of the | ter X frcm the videv screen - ot shown), followed 0.75 sec later by presentauon of a single-digit visual stimulus 10 be

Thrd Fourth Fitth Sixth
Triat Trial Trat Trial
STt .
] 9 L] 1
G e e e e e e e - e
t
_______ - X
¢ '
B + .
.t hA None 8.8
3.5 73 oK 8.8

remembe =d, fol owed by the subject’s fir ger-pressiire response to the stimuius number presented 2 tnals back. followed 1 sec after

tne peak of the r :sponse by presentation cf a 2-digit feedback aumber indicating the accuracy of the response. The feedback number

was urder ‘ned when the subject’s response was higr.ly accurate. Subjects were required to withhoid their response when the current
sumuit s numb-r was identical to the stunulus 2 trials back. (No response was required on the first 2 tnals of each block of 50 tnals -
signified by *OK".
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For example, if the stimulus numbers in 4 succes-
sive tnuis were 3, 7, 6, and 9, the correct responses
would be 0.3 kg to the 6 and 0.7 kg to the 9 (Fig.
1). A two-digit feedback number v'as presented in
each trial 1 sec after the peak of the response to
indicate the actual pressure exerted. The feedback
number was underlined if the response was close
to the required response, based on an ‘adaptive
error tolerance’, computed as the geometric mean
of the response error (distance from the required
pressure response) on the previous 5 trials.

To incrzase the difficulty, the subject was re-
Quired to withhold his response in the approxi-
mately 20% of the trials when the stimulus number
was the same as the number from 2 trials back.
For example, if the numbers 6, 9. 6 were pre-
sented, the subject was not to respond to the
second 6 (Fig. 1).

Recording

Neuroelectric data were recorded from an array
of electrodes built into a nylon mesh hat. Signals
were recorded from 27 electrodes and were refer-
enced to the right mastoid. All signals were
amplified by a Bioelectric Systems Model XS-64P
with 0.016—-350 Hz passband and digitized to 11
bits at 128 Hz. Vertical and horizrontal eye move-
ments (VEO, HEO), activity of tae right flexor
digitorum rmuscle (EMG), cardiac rate (EKG),
respiration. and EEG activity at left mastoid were
recorded from all subjects. Two technicians, work-
ing independently, edited the time-series ‘races
off-line and climinated data w:%. evidence of con-
tamination by potentials generated by eye move-
ments, muscle activity, or instrumental noise
sources. An optimal. least-squares estimate of the
laplacian operator was computed to reduce spatial
low-pass distortion resulting from transmission
through the skull and scalp. Electrodes at the edge
of the array were eliminated from the analysis
because it is not possible to reliably estimate their
lapiacian (Gevins et al. 1989a). Even though lapla-
cian-transformed potentials are prcportional to
current density, we will refer to the wave forms as
potentials, in keeping with common usage.

Recording sessions were divided into 3 epochs
termed Early. Middle. and Late based on response
error (Fig. 2). Each epoch was long enough to

3

allow us to form stable estimates of the functional
brain patterns occurring during it. The Early epoch
lasted approximately from 1.30 p.m. t0 8.30 p.m..
the Middle from 8.30 p.m. to 10.30 p.m.. and the
Late from 11.30 p.m. to 1.30 a.m.

Signal analysis

ERCs, a statistical measure of functional inter-
relatedness between the time series of 2 channels.
were computed from pre- and poststimulus inter-
vals of the task. Although the exact brain sources
of scalp ERCs have not vet been determined.
intracerebral recording from animals (John et al.
1973; Freeman 1975; Bressler 1987a. b) and scalp
recordings from humans (Gevins 1987a; Gewvins
and Bressler 1988; Gevins et al. 17 9a) suggest
that ERC patterns reflect the coordinated, low-
frequency, task-related dendritic activity pattern
of distributed cortical neuronal networks.

ERCs were computed from bandpass-filtered
event-related potentials (ERPs) time-locked to the
presentation of the numeric stimulus, and aver-
aged over the 5 subjects. Three well-known ERP
waves were used as timing markers: the prestimu-
lus CNV during the Finger-Pressure trials, the
poststimulus N1-P2 peaks during stimulus proces-
sing on the Finger-Pressure trials, and the post-
stimulus P32 elicited during the infrequent No-Press
trials. The prestimulus ERC interval was 500 msec
wide arnd was centered 312 msec before the
numeric stimulus (Fig. 3A). The 2 poststimulus
ERC intervals were 187 msec wide. The first was
centered at 125 msec after the sumulus for
Finger-Pressure tnials (Fig. 4A) and the second at
375 msec for No-Press tnals (Fig. SA).

Bandpass filters were chosen 0 enhance the
ERP waves of interest. Thus the prestimulus inter-
val was filtered with a 0.01-3 Hz passband to
emphasize the CNV, whereas a 4-7 Hz passband
was selected for the poststimulus intervais to
accentuate the N1-P2 and P3 components. The
cross-covariance function was computed to 16 lags
(+ /=125 msec) for the 0.01-3 Hz-filtered inter-
val, and to 8 lags (-~ /— 62 msec) for the 4-7
Hz-filtered intervals. The ERC was defined as the
maximum absolute value of the lagged time series
cross-covariance function. ERCs for the 3 inter-
vals were computed between all 155 pairwise com-
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binations of the 18 non-edge scalp ¢lectrodes com-
mon to all 3 subjects.

Staustcal evaluation

To measure functional changes in the brain
strictlv related to sustained mental work and un-
confounded by vanations in performance accu-
racy, we controlled for the significant effect of
response error across the Early, Middle and Late
epochs. The most stringent method was to analyze
onlv the most accurate trials from each of the 3
trial sets.

We first selected the most accurate half of each
subject’s Early trials, and then selected trials with
comparable accuracy from corresponding Middle
and Late sets. Accurate trials were those with
response error less than the mean response error
of the Earlv tnal set. We then discarded the least
accurate outlier tnals of the accurate Middle and
Late subsets (roughly 2% of the tnals) so that the
final accuracy distributions of the three epochs
did not significantly differ (£ > 0.2 by the Stu-
dent’s ¢ test) The numbers of total tnals in the
resulting accurate trial sets were 599 (Early), 520
(Middle), and 402 (Late) (Fig. 2). Measures of
motor performance did not differ between these
final accurate trial sets. We also selected, from all
3 epochs, No-press trials in which the subjects
correctly inhibited their response.

We determined the significance of Early, Mid-
dle. and Late ERCs by refernng to the standard
deviation of the ERC ‘noise’ distributions ob-
tained with a randomization procedure irom the
same tnal sets. Significant ERCs were those with a
probability of being less than 0.05 from the ‘noise’
distnbution. ERC significances in each interval
were displaved on computer graphic images of a
model head: the thickness of a displayed ERC line
is proporuonal to the negative log of significance.
The relative involvement of each electrode site in
an ERC pattern was determined by taking the
sum of all significant ERCs in which it par-
ticipated. and displaying at that site a disk whose
size was proportional to the sum.

Analysis of vanance (ANOVA) of the mean
absolute ERC value (called ERC magnitude in
Table I) provided an index of the change in mean
level of between-site covanation over Early, Mid-

dle. and Late epochs. To compare any 2 epochs
for differences in pattern configuration (called
ERC pattern in Table [), the 2 patterns of signifi-
cant ERCs were correlated. The ERCs in each set
were pooled from the group of site pairs that had
significant ERCs in either pattern. We used a
distribution-independent *Monte Carlo’ procedure
to estimate correlations between patterns (Efron
1982) since we could not confirm that the data
were normally distributed after examuning the
small number of repeated measures. To compare
the significance of ERC magnitude differences
with ERP amplitude differences. we tested the
change in root-mean-square amplitude over epochs
for each ERP wave by ANOVA (ERP amplitude
in Table I). Pairwise comparisons of ERC magni-
tude and ERP amplitude were performea by the
Scheffé post-hoc procedure.

ERC patterns of individual subjects were com-
pared by using artificial ‘neural network’ pattern
classification procedures. based on the tnal-by-
trial discriminabitity of Earlv and Middle pre-
stimulus intervals (Gevins 1980. 1987b; Gewvins
and Morgan 1986. 1988; Gevins et al., 1979, 1981,
1983, 1985. 1987. 198%a. b). Single-triali ERCs,
computed for channel pairs of the average ERC
patterns were considered as possible variables. The
ratio of observations (trials) to vaniables (ERCs)
exceeded 10:1 in each analysis. Significance of
the average test set classification was assessed by
reference to the binomal distnbution.

Results

Behavioral analysis

By ANOVA, no significant differences were
found between three 100-trial subsets at the begin-
ning, middle and end of the Early epoch. This
suggested that performance had asymptoted and
that any subsequent performance degradation
could be attributed to prolonged mental work. We
observed that performance changed from Early to
Middle to Late epochs (Fig. 2) wath fewest errors
occurring, as expected. in trials from the Early
epoch. ANOVA revealed a significant increase in
response error from Early to Late epochs ( F (2.
12) = 12.5. P < 0.005) (Fig. 2); Scheffé post-hoc




e

———

2~ all tnals
: |
<
3
| :
Wy l
most
I 3 ! accurate
1 trials
0 .
EARLY MIDOLE LATE

Fig. 2. Mean and standard dewiation of response error for

Early. Middle, and Late epochs. Upper set of points represents

all Finger-Pressure tnals. while lower set is from the most
accurate Finger-Pressure trials.

comparison revealed that the differences were sig-
nificant between Middle and Late epochs ( F, (2.
12) = 4.8, P <0.05) but not between Early and
Middle epochs. Reaction time did not differ across

TABLE I

w

Early (543 + /- 169 msec), Middle (584 + /—
155 msec), and Late (593 + /- 97 msec) epochs.
The increase in the proportion of responses during
No-Press trials across the 3 epochs (10%, 16%, and
32%) was significant (F (2, 12) = 7.4, P <0.01).

Subjective reports were consistent with the
trends in the behavioral data (Table II). Using a
7-level subjective fatigue scale (1 indicates maxi-
mal alertness and 7 complete exhaustion), the §
subjects reported mean ratings of 3.42 + /-~ 0.75
during the Early epoch. 5.05 + /- 1.23 during
the Middle. and 6.22 + /— 0.44 during the Late
(F (2. 12y=13.2, P <0.001). There was little cor-
relation between the subjective fatigue ratings and
response error (bootstrap correlation = —0.17
+ /= 0.29).

ERC analysis: prestimulus preparatory interval
ERCs from the prestimulus interval declined in
magnitude ( F (2. 243) = 22.8, P < 10~%) and dif-
fered in pattern configuration across the 3 epochs
(Fig. 3B and Table I). The greater change from
Early to Middle epochs was revealed by the low

Sigruficance of comparisons across Early, Middle. and Late epochs of the day for each of 3 aeuroelectric measures in presumulus.
stimulus processing, and response inhibition intervals of the visuomotor memory task. For ERP amplitude and ERC magnitude, the
Early vs. Middle vs. Late comparisons were performed by analysis of vaniance, whereas the pairwise comparisons were performed by.
the Scheffé post-hoc method. Values are probabilities (P <) except in columns healed by ‘ERC pattern’ which are correlations
between event-related covariance distributions. The standard deviation of correlation is shown in parentheses.

Interval Early vs. Middle vs. Late epochs Early vs. Midd!e epochs
(msec) ERP ERC ERP ERC ERC
amp. magnitude amp. magnitude pattern
Presumulus
(—562 10 — 62 msec) NS 107° NS 107* 0.06 (0.09)
Stimulus processing
(32-219 msec) NS 0.01 NS 0.05 0.71 (0.09)
Response inhibition
(282-469 msec) 0.05 «<107"° NS 107° 0.67(0.09)
Early vs. Late epochs Middle vs. Late epochs
= ERP ERc ERP ERC ERC
amp. magnitude pattern amp. magnitude pattem
Pregtimulus
~567 To 60 (36210 —62 msec) NS 10°° 0.01 (0.09) NS NS 042 (0.11)
Stimulus processing
(32~219 msec) NS NS 0.62 (0.07) NS 0.05 0.44 (0.14)
Response inhibition :
(282-469 msec) 0.05 «107"° 0.66 (0.07) NS 0.0005 0.51 (0.16)
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TABLE II

Mean subjective fatigue ratings from each of the 3 epochs for
the 5 subjects based on a 7-level subjective fatigue scale (1
indicates maximal alertness and 7 complete exhaustion).

Subject Early Middle Late
1 3.51 5.00 6.12
2 4.12 6.00 6.00
3 3.20 5.25 6.00
4 4.00 6.00 7.00
5 2.25 3.00 6.00
Mean 342 5.08 6.22
(S.D)) (0.75) {1.23) (0.44)

Early-to-Middle bootstrap correlation (0.06) when
compared to the Middle-to-Late one (0.42), and
by the significant decline in Early-to-Middle ERC
magnitude (F (2, 243) =11.2, P <(0.0001) when
compared to the non-significant Middle-to-Late
difference. Dominance by the midline central (Cz)
site in the Early epoch was replaced by right-sided
dominance (focused at the right antero-central
(aC4) site) in the Middle epoch, which continued
into the Late epoch (Table III). The ERP ampli-
tude in this interval declined by 15% from Early to
Middle epochs and then rose by 3% in the Late
epoch: the change over the 3 epochs was not
significant.

ERC analysis: visual stimulus processing interval
The amplitude of the poststimulus N1-P2 ERP
component did not change with time-on-task (Fig.
4A and Table I, middle row). The mean absolute
ERC magnitude declined from the Early (9.5

2

TABLE 11

Sums of event-related covanances at top 3 sites in presumulus.
stimulus processing, and response inhibition intervals for Early.
Middle and Late epochs of the day. Designauon of sites is as
follows: aC3 = left antero-central. aCz = midline antero-
central, aC4 = right antero-central, C3 =left central. Cz =
midline central, Pz = midline panetal. P4 = nght panetal. pP1
= left postero-parietal, pP2 = right postero-panetal.

Interval Early Middle Late

Cz 624 aC4 282 aCd 235
aCz 415 P4 277 Pa 221
pP1 330 aCz 240 C3 162
Pz 237 Pz 178 Cz 197
Cz 200 Cz 140 pP2 196
aCz 173 aC3 123 Pz 187
aCz 574 aCz 284 aCz 103
aC3 360 aC3 199 Cz 77
aC4 344 aC4 186 aC4 30

Presumulus

Stimulus processing

Respoase inhubition

(I RV I F R I B

+ /= 5.8) to Middle (7.5 +/— 4.5) epochs. but
then rose in the Late (9.9 +/— 4.8) epoch. Al-
though this change across the 3 epochs was signifi-
cant (F (2.225)=4.8. P <0.01), the effect was
considerably less robust than for either the pre-
stimulus CNV or subsequent P3 intervals. The
Early and Middle ERC patterns (Fig. 4B) were
similar (bootstrap correlation = 0.71 + /- 0.09),
and both had many features in common with the
Late pattern. In particular, the midline parietal
(Pz) and midline central (Cz) sites were among the
top 3 focal sites in all 3 epochs (Table I1I). The
Middle and Late patterns differed most (bootstrap
correlation = 0.44 — 0.14), largely because in-
volvement of the right postero-panetal (pP2) site
increased in the Late pattern.

Fig. 3. A:gant?avcrage tover ail S subjects), everrrelated potential (ERP) laplacian wave forms of the midline central (Cz) electrode
dunng a 700 msec interval when subjects were expecung the next VMMT stimulus. Accurate Early (594 tnals. soiid line), Middle (517
tnals, dashed line), and Late epoch (394 trials, dotted line) averages are shown. The indicated presumuius ERC interval was used for
computing the event-related covariance patterns shown in B. The root-mean-square ERP amplitude of this interval did not
significantly differ across Early, Middle, and Late epochs. B: Event-related covariance (ERC) patterns charactenzing the prestimulus
Eariy (left), Middle (center), and Late (right) epochs. The view is from above the head with the nose ac the top of the figure. ERCs
were computed from ERPs across the — 562 to — 62 msec prestimulus interval shown in A. The thickness of a line is proportional to
the negauve logarithm of the significance (from 0.000005 to 0.05) of the covanance between 2 clectrodes. A vioiet line indicates a
positive covariance (waves of same poiarity), while a blue line represents a negative covanance (waves of opposite polamy)."n\e'
radius of the disk at each site is proportional to the sum of the absolute values of the sigruficant ERCs in which that site parucipated.
Not only did the ERC magnitude greatly decline from Early to Middle to Late epochs. but the ERC pattern also changed. with the
emphasis shifting from the midline central and precentral and left parietal sites to the right antero-central and panetal and left
central sites.
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’
4: A CCu,fa,TLb Fig. 4e§ccura(e Early (562 trials. solid line), Middle (517 tnals. dashed line), and Late (384 trials. dotted line) grand-average ERPs of
’ the midline mud-panetal (Pz) electrode site. showing the N1-P2 interval following presentation of the visual stimulus. As in the
prestimulus interval. the ERP amplitude did not differ sigruficantly across the Early, Middle, and Late epochs. B: ERC patterns
characterizing the poststimulus N1-P2 interval in Early (left), Middle (center). and Late (night) epochs. ERCs were computed from
ERPs across the 187 msec long postsumulus interval shown it A, The mean ERC magnitude changed only moderately from Early 10
Middle 10 Late epochs; the top focal sites remained nearly the same.
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Fig. 5. A: accurate Early (243 trials. solid line), Middle (250 tnals. dashed line). and Late (261 tnais. dotted line) grand-average ERPs

for the finger response inhibition (*No-Press’) trials. showing the P3 peak at about 380 msec after the sumuius at the mudline

antero-central (aCz) electrode site. The P3 amplitude declined from Early to Middle to Late epochs. B: *NogPress’ ERC patterns

characterizing Early (left), Middle (center). and Late (right) epochs. ERCs were computed from ERPs dunng the 231-368 msec

poststimulus interval shown in A. As in the prestimulus interval, there was a marked global decline in ERC magrutude. However.
unlike the case in the prestimulus intervai (but like the N1-P2 interval), the 3 patterns were very simiiar.
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ERC .nalvsis: response-inhibution interval

ERCs from the poststimulus interval of No-
Press trials declined greatly in magnitude ( F (2.
231) = 54.7, P < 107'%), but did not differ greatly
in pattern configuration (Table I and Fig. 5B).
There was also a significant decline in P3 ampli-
tude (F (2. 51) =4.4, P <0.05). The stability of
the pattern configuration was seen in the similar-
ity between the Early-to-Middle and the Middle-
to~-Late bootstrap correlations, and by the domi-
nance of the patterns by the antero-central sites in
all 3 epochs (Table [II). There were highly signifi-
cant ERCs between these sites and the midline
parietal (Pz) and nght posterior parietal (pP2)
sites.

Individual subject analysis

We next determined the extent to which indi-
vidual subject patterns corresponded to the group
patterns. and the extent to which 1t was possible to
distinguish individual tnals taken from different
epochs of the session. Since the ERC patterns
from the prestimulus intervals in the Early and
Middle epochs were so strikingly different. we
tested inter-subject vanability on these data sets.

Five equations were formed on four-fifths of the

trials, and tested on the remaining one-fifth.

Discrimination was above 57% (P < 0.05) for 3
subjects, but was 49% (chance) for the other two.
Average test-set discrimination was 62% (P <
0.001) for separate analyses of the first 3 subjects
and 61% (P < 0.001) for the latter two. Finally, 2
fourth analysis used only trials from the subject
with the best classification in the 5- and 3-subject
analyses. The average test-set discrimination was
81% ( P < 0.001). Thus, individual trials from the
Early and Middle data sets could be distinguished
with increased accuracy when the 5 subjects were
divided into 2 groups, and for an individual sub-
ject.

Discussion

A fundamental theme in contemporary cogni-
tive neuroscience is that mental function is com-
posed of multiple informauon-processing subsys-
tems associated with neural networks in the brain.

The Bntish neurologist Henry Head. an carly 20th
century proponent of this idea. considered that
impaired * vigilance’ could cause *high-grade func-
tions (to) suffer in general or in part’, and that
neural systems could thus be affected either glob-
ally or selectively (Head 1926). We observed 2
major effects of sustained mental work that sup-
port Head’s original ideas: (1) a global decrease in
ERC magnitudes. consistent with the well-known
spatially widespread reduction in neuroelectric
signals with decreasing alertness (Gevins et al.
1977 Broughton 1982: Santamaria and Chiappa
1987); and (2) a previously unreported. temporally
specific change in ERC pattern configuration.
The prestimulus ERCs underwent a consider-
able change in pattern. together with a large re-
duction in magnitude. from the Early to Middle
epochs. The poststimulus response inhibition ERC
pattern strength was also reduced. but without
much pattern change from Early to Middle and
from Middle to Late epochs. Except for the emer-
gence of the right postero-parietal site in the Late
epoch, the stimulus processing ERCs underwent
relatively little change in ERC pattern or magni-
tude. These results suggest that specific cortical
areas involved in response preparation were most
affected by prolonged mental work and that those
involved in response inhibition were also affected.
Cortical areas involved in primary visual stimulus
processing were considerably less affected.
Although the source of ERCs is sull unknown,
the present results conform to the hypothesis that
ERC patterns reflect underlving cortical networks.
The promunence of the mdline central and
antero-central sites in the prestimulus interval is
consistent with a cortical network component re-
sponsible for motor preparation, since these sites
overlie the supplementary motor area (Brodmann
area 6). The declining prominence of these sites
over the 3 epochs may reflect decreasing involve-
ment of the motor planning component with sus-
tained mental work. perhaps due to automatiza-
ttion. That these sites were also pronounced in the
ERC pauern of the poststimulus N1-P2 interval
suggests that this component remains in operation
following the stimulus. Prominence of the midline
panetal site may reflect a cortical network compo-
nent concurrently involved in extracting the value
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of the sumulus from the visual image. In the
postsumulus P3 interval. when subjects were in-
hibiting their response. the three antero-central
sites largely dominated the patterns in all three
epochs. These sites overlie supplementary and pre-
motor areas, known to be necessary for higher
order motor control such as response inhibition.
The continued prominence of these sites in all 3
epochs suggests that these areas are critically in-
volved in response inhibition, even as the strength
of the pattern is reduced with sustained mental
work.

Our findings also indicate that, since dramatic
changes in brain activity patterns occurred before
performance deteriorated sigmficantly, measures
of brain activity may be more sensitive indicators
of the deleterious effects of sustained mental work
than measures of overt behavior. This evidence
could explain. in part, the increased vulnerability
to life threatening accidents that exists during the
earlv stages of prolonged mental activity, when
performance has not vet become significantly de-
graded. Further refinement of the techniques used
in this study, and their application to single-trial
data. could lead to the development of on\-line
warning systems in which persons engaged in cniti-
cal or hazardous work wouid be alerted to the
possibility of impaired performance due to mental
overwork.
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IOI. FUNCTIONAL TOPOGRAPHY OF LANGUAGE
A. Introduction

This study was designed to measure spatiotemporal evoked potential patterns during several types of
linguistic operations. The well-substantiated role of the ’language’ areas of posterior frontal and tem-
poral cortices of the dominant hemisphere makes language a good choice for studying the localization
of neurocognitive processes. Numerous studies have attempted to measure language-associated lateral-
ization and/or localization in the EEG and EP, but to date the findings have been highly inconsistant
(reviewed in Beaumont, 1983; Gevins, 1983; Molfese, 1983; Rugg, 1983; Butler and Glass; 1986; Gevins
& Cutillo, 1986; Kutas and Van Petten, 1988). Processes studied include acoustic and phonemic pro-
cessing (Wood, 1975; Molfese, 1979; Lovrich et al., 1986), semantic context (Brown et al., 1979, Kutas,
et al., 1984), semantic priming (Rugg, 1985), lexical and semantic functions (Buchsbaum and Fedio,
1970; Chapman et al., 1978; Fishler et al., 1987), and syntax (Kutas and Hillyard, 1980a, 1983). The
series of studies by Kutas and colleagues include, in addition to the N400 studies, studies of natural
sentence processing, grammar, and differences between open-class (content) and closed-class (function)
words (Kutas and Hillyard, 1980abc; Kutas et al., 1984; Kutas and Van Petten, 1988). Whereas the
many studies concentrated on the EP correlates of fairly complex linguistic issues (e.g. “semantic
appropriateness”), we directed this study toward the measurement of the spatial and temporal charac-
teristics of very basic linguistic functions.

A number of studies have reported language-associated hemispheric lateralization of EP peaks, some-
times with larger amplitudes over the left (dominant) hemisphere. Unfortunately, many of these stu-
dies were methodologically flawed and had too few recording channels (review in Gevins and Cutilo,
1986). Regional cerebral blood-flow studies of language have shown patterns of activation in the non-
dominant hemisphere which are almost mirror-images of those in the dominant hemisphere (Lassen et
al., 1978), while more recent PET studies have reported more left-sided activity (Petersen et al.,
1988). Further, brain stimulation mapping (Ojemann, 1983) indicates that at the cortical level,
language functions are organized into a complex "mosaic” of local perisylvan areas on the order of a
couple centimeters in size, which are involved in particular aspects of language processing. Brain
potentials associated with bilateral activation might not exhibit gross lateralizations of amplitude, and
the measurement of highly localized activity would require more detailed spatial sampling than is usu-
ally used. The present study demonstrates that there is both a great amount of commonality between
elementary linguistic processes, as well as highly localized differences which are observable through the
use of sufficiently dense spatial sampling and techniques of spatial enhancement such as Laplacian
Transform.

Classical neurological and neurolinguistic thinking has emphasized a localizationist-serial model for
language processing (see for example Geschwind, 1970), but more modern models consider networks of
sub-processes and codes (visual or auditory encoding, phonological, semantic, syntactic processing)
that operate in a parallel, distributed fashion during language processing (Petersen et al., 1988; Posner,
1978). In a recent study, Petersen et al. (1988) used Oxygen-15 Positron Emission Tomography
(PET) to study healthy subjects performing a series of language tasks. The activation patterns they
found were generally consistent with neurological theory. For example, activations were found in sup-
plementary motor and inferior frontal areas for word generation, and in cingulate areas for attention.
Their results also suggest that phonological decoding for familiar, visually presented words can be by-
passed by good readers, consistent with current cognitive-reading theory. A somewhat unexpected
finding, however, was the activation of frontal areas during the lexical processing of single words,
which would be expected to involve Wernicke’s language area in the posterior perisylvan region.
Although their results were interpreted in terms of currently popular parallel-processing models, this
interpretation must be considered speculative because of the 40 to 60-second measurement aperture of
the O-15 PET technique. Without more precise timing information, it is difficult to say whether areas
were active during the entire task processing, whether they were sequentially activated, or whether
there was some complex combiration of sequential and parallel processes. The present study was
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designed to obtain temporal detail of cortical processing during receptive language processing: form
(or letter) perception, phonemic encoding, semantic retrieval, and simple syntactic judgements.

In our experimental design, EEGs were measured while subjects processed sequential pairs of visual
stimuli in four-second trials. First, a cue indicated the type of judgment to be made, and then the
first and second stimuli (S1 and S2) were presented at successive 1 sec intervals. The subject had to
determine whether the S2 formed a “match” to the S1. To form a "match,” S1 and S2 had to be
physically identical in the graphic condition, be homophones in the phonemic condition, be related as
antonyms in the semantic condition, or form a correct subject-verb combination in the grammatical
condition. Subjects responded to mismatches with a left-hand finger press, and received visual feed-
back about their performance.

There are conceptual similarities between our experiment and Petersen et al.’s (1988) paradigm,
including the fact that neural measurements are made while subjects perform increasingly complex
types of tasks. Petersen, et al., assume that each level can be “subtracted” from the next “higher”
level in order to isolate distinct higher-order processes. This was necessitated in part by the 40 to 60
second sampling interval required by the O-15 PET technique. Our experiment differs in that we
were also able to obtain information about sequential, split-second changes in the patterns of activity
of cortical networks involved in graphic, phonemic, semantic and syntactic processing. (Our technique
does not however, allow full three-dimensional imaging of neural activity.)

B. Hypotheses

The four conditions were designed to differ along the following dimensions: letter/non-letter (graphic
condition versus phonemic, semantic and grammatic conditions), word/non-word (graphic and
phonemic versus semantic and grammatic conditions), and syntactic/non-syntactic (grammatic versus
semantic conditions). Presumably, sites of the dominant hemisphere overlying Broca’s and possibly
Wernicke’s areas would be important in these distinctions. This hypothesis follows from the findings
of Zurif and others (Kolk, 1978; Bradley et al., 1980; Zurif, 1980), based on lesion studies, that Broca’s
area is involved in the receptive deficits of a phonemic nature. Similarly, semantic processing should
be distinguishable from phonemic processing at sites involving Wernicke’s area for the processing of
meaning. Grammatical processing should be distinguishable from semantic processing in the relative
involvement of sites over and anterior to Broca’s area, and perhaps Wernicke’s language area. On the
basis of our studies of task-specific preparatior. (Gevins et al., 1987, 1989b), we expected that effects
of task-specific preparatory processes might be seen in the cue-to stimulus epoch.

C. Piloting

There were two phases in piloting the experiment. In the first phase, 50% of the trials were matches,
50% were mismatches, and subjects were required to make a motor response to both. Since we are
particularly interested in the processing associated with match trials, we changed the probability of a
match to 85%, and had subjects respond only to the mismatch trials (15%). This eliminated signals
related to response preparation and execution from the match trials, while the 15% mismatch trials
served primarily to ensure that the subjects were performing the task. To help ensure subjects’ atten-
tion to the task, the rewards were changed so that subjects lost 25 cents for failing to respond to a
mismatch.
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D. Methods
1. Subjects

Nine healthy, right-handed (modified Edinburgh Scale), male volunteers between the ages of 21 and
35 participated in the experiment. None had any history of neurologic or psychiatric disease, and all
were native English speakers, with no knowledge of Japanese.

2. Stimuli

EEGs were recorded while subjects determined if pairs of visual stimuli were identical in appearance
(graphic condition), were the same in pronunciation (phonemic condition), had opposite meaning
(semantic condition), or formed a grammaticaliy correct subject-verb combination (grammatical con-
dition) (See Figure 1 ). Asterisks were positioned in front of and after each stimulus to adjust differ-
ences in stimulus length. The horizontal visual angle was under two degrees and the vertical visual
angle under 0.5 degrees. The average luminance, based on a random sampling of the luminance of
240 stimuli (60 from each condition). was 1.43 lux.

Graphic condition:

Stimuli in the Graphic condition were strings of Katakana characters, which are a set of characters
from Kana, the syllabic script of written Japanese. The strings were either three (50%) or four char-
acters (50%) long. Characters that were highly similar to each other or that had disjointed elements
were not used. In graphic match trials the two stimuli were identical. In mismatch trials, 1 or 2 char-
acters of S2 were changed, but never the first character. The number of characters in a pair was
always the same.

Phonemic condition:

Stimuli in the phonemic condition were pronounceable non-words which conformed to the rules of
English orthography. They were three to six characters in length, and began and ended with one to
three consonants. Each letter of the string contributed to its pronunciation; (e.g., the consonant com-
bination “ck,” or words ending in a consonant followed by “e” as in ‘dove’ were not used). All stimuli
were monosyllabic, and words that were homophones to real English words or acronyms were not
used.

The guidelines discussed by Vitz and Spiegel-Winkler (1973) were used to generate the non-words and
their homophones for the match trials. In 19% of the pairs the first consonant or consonantal cluster
was changed; in 40% of the pairs, the final consonant or consonantal cluster was changed; in 32% of
the pairs, the vowel or vowel cluster was changed, and in 5% of the pairs both the vowel and con-
sonant were changed.

Heterophonic pairs were generated by changing one or more of the phonemes of S2 non-words. In
order to minimize motor cueing, at least the manner or place of articulation of the original phoneme
and the phoneme changed in the S2 were preserved. For example, the stop consonants /b/ or /d/
were foiled by other stop consonants such as /p/ or /t/, but never by the nasal or fricative consonants
such as /m/ or /f/. Vowel forms that have more than one pronunciation (eg: the present and past-
tense forms of read ) were not used. In 3% of the mismatch pairs the first consonant or consonantal
cluster was changed; in 72% of the pairs the final consonant or consonantal cluster was changed; in
6% of the pairs the vowel or vowel cluster was changed, in 11% of the pairs both the vowel or con-
sonant or vowel/consonantal cluster was changed, and in 5% of the pairs both the first and final con-
sonants were changed. For example, terp and tirb, trolph and trorf.
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Semantic condition:

The stimuli of the semantic task were formed frori open-class, relatively high-frequency monosyllabic
English words. Match trials were formed from two words that are antonyms, defined as two words
representing a concept in oppositional relation to each other (Gardner et al., 1976). The antonyms
were selected from a variety of sources including Bolander et al. (1985) and Urdang (1984), and were
always of the same functional category (verbs with verbs, adjectives with adjectives). 75% were noun
or verb pairs, 25% adjective or adverb pairs. Words with irregular pronounciation, or more than one
pronunciation were not used. The mismatch pairs were composed of words meeting the criteria
described above, except that they were not related semantically, phonetically or formally (e.g., hot,
real ).

Grammatical condition:

Grammatical stimulus pairs were composed of a pronoun followed by a verb which formed a short
meaningful sentence (e.g., He swims). The verbs were all open class, high frequency, monosyllabic,
and intransitive (Webster’s New Universal Unabridged Dictionary, 1983). Verbs were used as many
as three times, but always with a different agent. As in the semantic condition, words with irregular
pronounciation or multiple pronunciations were not used. Mismatched pairs were composed of pro-
noun verb combinations which did not form a complete, grammatical sentence. The S2 was a noun or
adjective that could not be used as a verb (such as: he oat ), but the S2 was never neologistic (such as
forming bolds from the adjective bold). Moreover, the S2 verb was conjugated incorrectly with respect
to the agent, so that the third-person conjugation was given to the first-person forms, and first-person
conjugation to third-person forms.

3. Types of Trials

Each trial of the task began with a visual cue that signaled the condition of that trial (L: "looks
alike”; S: "sounds alike”; O: “opposites”; G: “grammatic”). Conditions were presented in random
order. S1 was presented 1 sec later, and S2 1 sec after S1. Subjects were instructed to press a button
with the left index finger for mismatched pairs (15% of the trials). The maximum allowable RT on
mismatch trials was 1500 msec. Subjects were instructed to press when uncertain whether the trial
was a match or mismatch. There were 5 possible types of feedback:

(1)  Correct match trial (no-press): Fixation dot appears 1500 msec after S2. The subject earned
two cents for not responding.

(2) Correct mismatch trial (press): feedback symbol “+” was presented one sec after response
onset. The subject earned 2 cents for responding.

(3) False positive (incorrect match trial): feedback "0” was presented 750 msec after response. The
subject earned no money.

”

(4) Incorrect mismatch trial (no-press): feedback symbol *-" was presented 1200 msec after S2.

The subject lost 25 cents.

(5) A downward triangle "V” was presented immediately after = response that was produced too
soon (less than 300 msec) after S2. The subject neither earned nor lost money.

The intertrial interval was automatically delayed until there were no detectable eye-movements, and

was at least 2 sec long. Subjects were given 80 training trials before recording began. Duration of
cue, S1, S2 and feedback was 150 msec.
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4. Recordings

Each subject performed 1200 task trials presented in blocks of 20, randomized as to condition and
response requirement. Subjects were given four blocks of training before EEG data were rccorded.
This was sufficient in most cases for performance to reach a stable level. If not, a second set of 80 tri-
als was given. Subjects earned $7.00/hour, in addition to the bonuses for correct performance.

EEGs were recoried from 59 scalp electrodes referenced to the midline anterior-parietal (aPz) elec-
trode. The montage was an extended 10-20 system (Gevins, 1988), and included the frontal sites aF1
and aF2, Fz, F3 to F8, and Fpz; the anterior central aCz, aCl to aC6; Central Cz, C3 & C4; anterior
temporal aT5 & aT6; temporal T3 to T8: lower temporal 1T1, 1T2, IT5, I1T6; ventral temporal vT5 and
vT6; anterior parietal aP1 to aP6; parietal Pz, P3 to P6; anterior occipital aO1 & aO2; occipital Oz,
01 & O2; ventral occipital vO1 & vO?2; and the inica (I) and both mastoids (M1 & M2). Vertical eye
movements vere recorded bipolarly from an electrode pair placed supra- and suborbitally; horizontal
eye movements were recorded bipolarly between electrodes at the outer canthus of each eye. Other
bipolar pairs were placed over flexor digitori muscles of left and right arms to record EMG, and at the
submentalis to record subvocal movements of the larynx and mouth. The EEG was amplified 8333
times, band-pass filtered from 0.5-50 Hz and recorded at 128 samples per sec. Electrode positions
were digitized in 3 dimensions with a Balhemus Navigation Sciences 3-SPACE ISOTRACK in order
to accurately determine interelectrode distances for computation of a 2-dimensional a nearest-neighbor
local Laplacian transform.

5. Analysis

Trials with eye movement, left-hand EMG in match trials, any right-hand EMG, or instrumental
artifacts were eliminated by visual editing prior to averaging. An optimal, least-squares estimate of
the Laplacian operator was applied to the single-trial potential timeseries to compute the Laplacian
Derivation (LD - see section IV.C). This reduces the high degree of spatial overlap of potentials at
the scalp, and removes the effect of the location of the reference electrode. Peripheral sites for which
the Laplacian amplitude cannot be accurate!, calculated, and several bad amplifier channels (C3 and
T7), along with their homologues (C4 and T8), were eliminated from the list of channels for which the
Laplacian Derivation (LD) was calculated. There were 39 channels remaining: aF1, aF2, Fz, F3 to
F8, Fpz; aCz, aCl to aCé; Cz; aPz, aP1 to aP6; Pz, P3 to P6; T3 to T6; aOl, a02; and O1, O2 and
Oz (Figure 2).

Averages were formed from correctly performed match and mismatch trials for each condition, and
lowpass filtered at 7 Hz. The four final data sets contained 1762 graphic, 1688 phonemic, 1592 seman-
tic, and 1741 grammatic match trials. A digitally linked ears reference was computed to examine
EPs. Since a large amount of common activity was evident in the linked-ears EPs, we will mostly dis-
cuss the Laplacian Derivation results, except where comparison with the potentials is helpful in inter-
preting the LD waveforms.

E. Results
1. Behavioral

For the infrequent (15%) mismatch trials, the mean reaction times were, for the edited/sorted (and
unedited) data: graphic condition - 607 (605) msec; phonemic - 720 (713) msec; semantic - 847 (839)
msec; grammatic - 737 (728) msec. Except for the phonemic-grammatic pair, all reaction time differ-
ences were significant. In the final edited data sets, however, the standard deviations vere small and
similar across subjects: graphic - 101 msec; phonemic - 117 msec; semantic - 131 msec; grammatic -
126 msec. Percentage of false positives (move to match) and missed targets (no-move to mismatch) in
the unedited data were: graphic, 5.6%/12.9%; phonemic, 5.9%/14.0%; semantic, 12.8%/15.8%; gram-
matic, 3.8%/4.7%.
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2. Neurophysiological

Laplacian Derivation (LD) averages: Differences between conditions in peak latency and topography
were very complex in the linked-ears EPs, due to extensive overlap of rotential fields at the scalp.
The between-condition differences were highly simplified in the LD waveforms, where a peak is fre-
quently seen at only a few locations.

The conditions were divided on the basis of task requirements into letter/non-letter conditions
(phonemic, semantic and grammatic vs. graphic), word/non-word conditions (semantic and gram-
matic vs. phonemic and graphic, or simply semantic vs. phonemic), and syntactic/non-syntactic con-
ditions (grammatic vs. semantic). Hypotheses were tested for each electrode separately. Figures 3, 4,
and 5 show the 9-person, averaged LD waveforms for match trials for the cue, first stimulus, and
second stimulus, respectively.

[NOTE: In labeling peaks in the LD waveforms a "P” is used to denote emerging current at the scalp,
and an "N” for entering current. This polarity does not necessarily correspond with the positive and
negative voltage polarity of the linked-ears EP peaks.

Letter/Non-letter Comparisons:

A large number of between-condition differences were found between the letter and nonletter condi-
tions. The cue for the graphic condition elicited an amplitude increase in the N323 peak, mainly at
lateral anterior occipital channels. The three letter conditions all had smaller peaks. N323 was maxi-
mal at the aOl electrode, where the negative (entering current) peak in the graphic condition was
about twice as large as the language conditions (t(1,8)=2.63, p< .05). Figure 3 shows this effect on
the N323 peak in posterior channels in the nine-person LD averages. The effect was slightly left-
lateralized. The Contingent Negative Variation (CNV) preceding S1 was also larger for the graphic
condition at left hemisphere channels, including aJ1 (t(1,8)=2.28, p< .05). For both the N323 and
the CNV, an ANOVA on the three language conditions indicated that their amplitudes did not differ
significantly at most of the electrodes where the graphic condition had significantly larger amplitudes.
Figure 6 [TOP row| shows the electrodes whose amplitude significantly differed between the graphic
and the language conditions presented on a cartoon of a lateral view of the head.

Post-S1 condition differences related to the letter/non-letter dimension were apparent in the averaged
LD waveforms in the N250 peak (Figure 4), which was larger in the graphic condition. The effect was
largest at P5 (P5: t(1,8)=6.15, p< .0005; T5: t(1,8)=4.12, p<.005; and aO1: t(1,8)=2.49, p<.05). At
226 msec after S1 there was a positive peak in the graphic condition, visible only at right frontal sites
(F8: t(1,8)=5.16, p<.001; F6: t=2.74, p<.05). At 568 msec there was a negative peak maximal at F4
(t(1,8)=4.18, p<.01). Figure 6 [ MIDDLE row] shows the electrodes whose N250 and N568 amplitude
significantly differed between the graphic and the language conditions.

S2 elicited a negative wave at 258 msec at posterior sites, which is similar in morphology to the N250
elicited by S1 (see Figure 5). It was likewise larger in amplitude in the graphic condition, the effect
again being most significant at P5 (t(1,8)=5.32, p<.001). (An inspection of the waveforms of Figure 5
might suggest that the graphic condition should also be significantly larger at the P6 electrode. This
is not the case, however, because the standard deviation of N258 at P6 is twice as large as the mean
difference between conditions. By contrast, the standard deviation of N258 at P5 is only about half
the mean difference. There are numerous other instances in these data where an apparently large
amplitude difference in the waveforms does not reach significance due to variability across subjects.)
An ANOVA on the three language conditions indicated that, except for the P5 and P3 electrodes, the
language conditions did not differ significantly among themselves. At 460 msec after S2, there was a
peak in the graphic condition that reverses polarity between anterior central and frontal midline sites
(aCz and Fz), where it was positive, and right anterior central and frontal sites, where it was negative.
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Its amplitude difference from language conditions was greatest at right frontal sites (F4: t(1,8)=4.82,
p<.005; F6: t(1,8)=4.40, p< .005), and at the left occipital site O1 (t(1,8)=4.95, p< .005). These
effects are illustrated in Figure 6 [BOTTOM row].

In the above instances the graphic condition had larger peaks than the language conditions. There
were also instances in which the language conditions had larger peaks; in some cases, the waves were
entirely absent in the graphic condition. A positive peak at 313 msec after S1 distinguished the
language conditions most clearly at the left frontal site F5 (t(1,8)=2.63, p<.05). (Although the F3 site
looks like it should differ between language and graphic conditions, the effect was not significant due
to a large standard deviation.) A large negative peak occured at 448 msec in the language conditions,
most prominent at T3, aC5 and aO1 (T3: t(1,8)=5.45, p<.001; aC5: t(1,8)=5.90, p< .001; aOl:
t(1,8)=5.45, p< .001). An ANOVA on the 3 language conditions indicated that the three language
conditions did not differ in amplitude at the sites where they differed from the graphic condition
(except for aOl and aCl). After S2, the P279 peak exhibited both language and graphic effects: it
was larger at left frontal sites for the three language conditions (t(1,8)=3.58, p<.0l at F3), and larger
at the midline frontal site (Fz: t(1,8)=3.08, p< .05) for the graphic condition. The significantly larger
amplitudes for the graphic condition at left posterior sites and at right anterior and posterior sites are
due mainly to the descending limb of the N460 peak, which is significantly larger even at this early
latency. Figure 7 shows the sites where language processing produced larger amplitudes than graphic
processing (except the above mentioned complex of activity for P279, which was larger in the graphic
condition at Fz, at right posterior, and at left hemisphere sites).

Word the/Nonword Comparisons:

Word /non-word differences were tested by comparing the graphic and phonemic conditions combined
versus the semantic and grammatic conditions combined, and also by simply testing the phonemic
versus semantic conditions. Differences between word-stimulus conditions and non-word-stimulus con-
ditions occurred late in the epochs following S1 and S2.

Significant differences between word (semantic and grammatic) and non-word conditions (graphic and
phonemic) were maximal at about 684 msec after S1. Electrodes where the phonemic condition had
larger amplitudes were aC5, F5, F8, Fz, aP5, T3 and T4. The strongest effects were at T3
(t(1,8)=3.74, p< .01) and aC5 (t(1,8)=4.12, p< .005). In the case of the P719 peak following S1, the
semantic condition had larger amplitudes than the phomenic at Fz (t(1,8)=4.33, p<.005), aP5
(t(1,8)=2.88, p<.05), aO1 (t(1,8)=2.32, p< .05), and O1 (t(1,8)=2.43, p< and non-word processing
following S1.

Although the strongest language effects in this study tended to occur over the left hemisphere,
word /non-word differences after S2 occur earlier over the right hemisphere than the left. The mean
difference was 204 msec, S.D.=87 msec (p<.005). This distinction of word and non-word conditions,
or simply between phonemic and semantic conditions, was significant at right hemisphere sites at
about 365 msec, in a rather diffuse group of electrodes including T4, P4, aP2, aP4, aP6, F4 and aF2.
Differences occur over the left hemisphere at a later latency (about 563 msec). The broad N563 wave,
strongest at T3, aC5 and F5, and another wave of opposite polarity at aO1 and aO2, distinguished the
phonemic from semantic and grammatic conditions, the phomenic condition having larger amplitudes

in both cases. The word/non-word differences at 365 and 563 msec after S2 are illustrated in Figure 8
[BOTTOM row].

Syntactic/Non-syntactic Comparisons:
Syntactic effects, demonstrated by differences between the grammatic and semantic conditions, occur
after both S1 and S2. After S1, there was a large negative peak at 442 msec at left frontal (F3 and

F5) and anterior central (aCl) sites, which was larger in the grammatic than semantic condition (F3:
t(1,8)=2.40, p<.05; F5: t(1,8)=2.52, p<.05; aCl: t(1,8)=3.07, p< .05). It appears to be an anterior

Jeeg/teports [afost /fin-d.00 -16- FINAL TECHNICAL REPORT




APR87-MAR90 EEG SYSTEMS LABORATORY F49620-87-C-0047

extension of the N448 peak which occurs at T3 in all language conditions (see Figure 4). However,
examination of the linked-ears EP waveforms indicates that the picture was more complicated. In the
aCz channel, where the EP peaks were largest, the semantic and phomenic peaks were negative in
potential, but the grammatic peak was positive. There were even stronger differences at several poste-
rior right-hemisphere sites including P4, P6, and T6 (p<.001), an effect due to a positive wave peak-
ing at about 450-500 msec. It is not clear how this posterior right-sided positive activity is related to
the N448 and N442 waves at left frontal sites. The effects at aC6 (t(1,8)=4.96, p< .005) and F6
(t(1,8)=2.38, p< .05) differ from the other gramatic/semantic comparisons in that the semantic condi-
tion has larger amplitudes at these sites, with a polarity reversal, being negative at aC6 and positive
at 6.

After S2, the grammatic condition was distinguished from the semantic condition by a larger ampli-
tude of the P279 peak at midline and left frontal electrodes Fz (t(1,8)=3.58, p< .01), F5 (t=4.49,
p<.005), and F3 (t=3.18, p<.05), and also at the left anterior parietal electrode aP3 (t(1,8)=3.63, p<
.01), and the right anterior central site aC2 (t(1,8)=3.55. p< .01). A number of other electrodes
reached significance at p< .05. The locations of the syntactic effects for N442 and P279 are shown in
Figure 9. Finally, the N460 peak after S2 distinguished the grammatic condition at midline frontal
sites Fz (t(1,8)=3.45, p< .01) and Fpz (t=3.46; p< .01), and at F3, P3, and T5 (all p< .05). (N460
not included in illustrations.)
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LANGUAGE MONTAGE

Figure 1. Examples of cues and stimuli, and their timing, for the graphic, phonemic, semantic and
grammatic conditions. For each condition, the subject had to judge whether the second stimulus (S2)
‘ matched the first stimulus (S1).
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LANGUAGE TASKS
GRAPHIC L Arx Hrx
(Look alike?)
PHONEMIC S ‘TIRP TERP
(Sound alike?)
SEMANTIC 0 COoLD HOT
(Opposite?)
GRAMMATIC G HE SWIMS
(Grammatical?)
. Cue S1 S2
| l | I -—
1 sec 1 sec 1 sec

Figure 2. Cartoon showing the locations of the 39 non-peripheral Laplacian Derivation sites.
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Pigure 3. Cue-evoked Laplacian Derivation (LD) waveforms for eleven posterior channels averaged
over all 9 subjects. The N323 peak and subsequent CNV were larger in the graphic condition over
visual association cortex when subjects were cued to prepare for processing unfamiliar Japanese kata-
kana characters. Waveforms were lowpass filtered at 7 Hz. The x-axis shows one second from Cue to
the first stimulus. The y-axis corresponds to +/-0.18 microvolts per square centimeter. The
waveforms for the 4 conditions are shown in the same colors in all illustrations: graphic [black],
phonemic [blue], semantic (green|, grammatic [red|.
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Figure 4. LD waveforms evoked by the first stimulus, averaged over 9 subjects and lowpass filtered at
7 Hz. The y-axis corresponds to +/-0.216 microvolts per square centimeter. Graphic [black],
phonemic [blue], semantic [green|, grammatic [red).
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Figure 5. LD waveforms evoked by the second stimulus, averaged over 9 subjects and lowpass filtered
at 7 Hz. The x-axis shows one second beginning with S2. The y-axis corresponds to +/-0.234 micro-
. volts per square centimeter. Graphic [black], phonemic [blue|, semantic [green|, grammatic [red].
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Graphic Processing

Cue-N323 Cue-CNV 990ms
! N /‘ \
J— S1-N250 S1-N568
S2-N258 S2-N460

P05 ©
P<o1 ®
P< .005

P<.001 @

K>PSG.v2

Figure 6. [TOP row| Left and right hemisphere electrode sites at which preparation for the graphic
stimulus had a larger post-cue N323 peak and CNV than the for the three language conditions. {MID-
DLE row] Sites where the first stimulus of the graphic condition evoked greater N250 and N568 peak
amplitudes than language conditions. [BOTTOM row] Sites where the second stimulus and subse-
quent matching processes elicited larger N258 and N460 peaks in the graphic condition. [Significance
level indicated by size and shading of dots; see Figure 2 for electrode names.]
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Figure 7. [TOP two rows| Sites where, after the first stimulus, the language conditions produced
greater P313 and N448 peak amplitudes than the graphic condition. [BOTTOM row|. Sites where
the S2-evoked P279 peak had differences between language and non-language conditions. [Significance
level indicated by size and shading of dots; see Figure 2 for electrode names.]
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Phonemic/Lexical Process

S1-N684 S1-P719
PeDs ©
P< .01
P<c.005 @
P<.001 @ p>s.1

Figure 8. [TOP row]| Word/non-word differences following the first stimulus: sites where the N684
peak was larger for phonemic stimuli (pronouncable non-words) compared to semantic stimuli (words),
and where the semantic stimuli produced larger amplitudes than the phonemic for the P719 peak.
[BOTTOM row| Following the second stimulus, the semantic and phonemic conditions differ over the
right hemisphere by 365 msec, and considerably later, at 563 msec, over the left hemisphere. [Signifi-
cance level indicated by size and shading of dots; see Figure 2 for electrode names.]

Jeeg/teports /afost /final 90 -25- FINAL TECHNICAL REPORT




APR87-MAR90 EEG SYSTEMS LABORATORY F49620-87-C-0047

Syntactic Processes

S1-N442

S2-P279

P05 ©
P<01 @
P<.005 ®
P<.001

g>s.1

Figure 9. Sites of amplitude increases in the grammatic condition compared to the semantic condition
‘ for the N442 peak following S1 [TOP], and the P279 peak following S2 [BOTTOM]. (Significance level
indicated by size and shading of dots; see Figure 2 for electrode names.|
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F. Discussion

1. Letter (phonemic, semantic and grammatic conditions) versus
Non-letter (graphic condition) Comparison

Differences corresponding to the letter /non-letter distinction were the most numerous, the first differ-
ence being elicited by the task cue preceding the first stimulus. The augmentation of the N323 peak
at occipital and posterior temporal electrodes in the graphic condition occured in response to the
task-specific cue letter "L”, and not for cue-letters signaling one of the language conditions ("S”, "O”
or “G”). Since all four cues were alike in gross physical characteristics, such as size, location, lumi-
nance and duration, and since conditions were randomized, the increase in N323 may reflect a
preparatory process involving the preparation of visual association (and inferotemporal) cortex for the
processing of the unfamiliar katakana characters. Although the percentage of cues for the graphic
condition was 25%, and thus rarer than cues for the language conditions, the distribution of P323 in
the linked-ears EPs was not that of the “classic” oddball P300: it was left-iateralized, with positive
maximum at aOl, and negative minima at central and frontal sites (Figure 10, LEFT). Further, the
distribution of the P300 to the S2 of mismatch trials (not reported here) did have the “typical” P300
distribution for these subjects. Thus we may conclude that the P323 (and its Laplacian Derivation
equivalent N323) was not simply a P300 produced by the relatively lower probability of graphic condi-
tion cues, and that its amplitude increase may be evidence for a greater priming of visual association
(and inferotemporal) cortex in anticipation of the non-familiar visual stimuli, as compared to that
needed for the highly familiar letters. Although such priming has been suggested by psychological
studies, the result reported here presents direct neural evidence of this phenomena.

If the N323 effect does reflect some aspect of prestimulus priming of cortical areas involved in visual
encoding, it would be reasonable to expect an increase in the Contingent Negative Variation (CNV) at
electrodes overlying these cortical areas. This was indeed the case. The late cue epoch contained a
negative shift (positive in the LD waveforms - Figure 3), mainly over left posterior and anterocentral
sites; of these sites, aO1 and T5 also had an amplitude increase in the N323. Finally, at most of the
significant sites, the ANOVA indicated that the three language conditions did not differ among them-
selves. This was also true for the N250 and N258 peaks elicited by the first and second stimuli. This
suggests that proceses reflected in these peaks are affected purely by the letter/non-leter difference.
In the case of the Cue-evoked N323, this process may be priming of visual association cortex, while for
the Sl-evoked N250 and S2-evoked N258 it may be the actual encoding or analysis of higher-order
physical features.

The next difference between graphic and letter stimuli occured in the N250 peak elicited by the first
stimulus. Although all four conditions elicited an N250, it was significantly larger for graphic stimuli
at the left lateral parietal (P5) and other nearby sites. This effect may reflect the gre.cer amount of
processing required to encode the unfamiliar graphic figures. It is not surprising that the stimuli used
in the graphic condition produce more activity over the left, rather than right posterior hemisphere.
Studies in primates (Ungerleider and Mishkin, 1982) and humans (Kosslyn, 1988) suggest that the
encoding (and imaging) of complex visual figures occurs primarily in areas of left posterior cortex.
The electrode sites at which the graphic condition produced significantly greater activity (aO1l for
N323, P5 and neighboring electrodes for N250 following S1 and P258 folowing S2) are quite consistent
with the above authors’ proposed ventral system for visual encoding. This system extends via
cortico-cortical connections from the visual cortex, through the left tempero-parieto-occipital region, to
the inferior temporal cortex. After the second stimulus, the graphic condition again elicited larger
negative peaks (N258) mainly at left posterior parietal and anterior occipital sites. N258 probably
reflects the same processes as the N250 elicited by S1, perhaps the encoding of higher-order, detailed
physical features of the graphic figures.
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In the S1 epoch, there is a N568 peak, largest at the right frontal electrode F4 (t(1,8)=4.18, p<.05).
S2 also elicits a right-lateralized N460 wave largest at frontal sites F4 and F6. Thus for each of the
two stimuli there is a pattern of greater left posterior activity early in each epoch, possibly reflecting
the encoding of complex, higher-order physical characteristics of the graphic figures, followed by
greater right anterio: activity later in the epoch, possibly related to the maintainence and comparison
of the graphic codes, and to response selection.

Activity which produced larger peaks in the language conditions occured first in the P313 peak, most
distinct at left frontal sites (F3 and F5), followed by the N448 peaks at left temporal (T3), anterior
central (aC5) anterior occipital (aO1) and frontal (F7) electrodes (Figure 7). The language conditions
did not differ from each other at T3, aC5 and F7, but they did differ among themselves at aO1. Thus
the significant amplitude difference at the left anterior occipital electrode (a01) may be due to a dif-
ferent process, peaking slightly later than the N448. Since the language conditions do not differ from
each other at T3, aC5 and F7, we might speculate that the N448 peaks reflect an process common to
all language conditions, such as generation of phonemic codes. The complex of activity at the latency
of the P279 peak elicited by S2 contained amplitude increases to the language stimuli at left frontal
sites, and to graphic stimuli at midline frontal, right anterior sites, and posterior electrodes of both
right and left hemispheres (where it was negative). Since this peak also exhibited significant differ-
ences between grammatic and semantic conditions, it appears that the P279 (and its negative counter-
part over posterior regions) is sensitive to almost every condition difference in this experimental para-
digm. Each condition causes a relative amplitude increase at one or more electrodes over some region
of cortex. It is a point of theoretical interest whether this is the result of several different processes
occurring co-incidently at the same latency, or whether it results from one distributed process whose
widely separated cortical processing nodes respond differently to the various task requirements of the
four conditions. This is more than a moot point, and in fact bears on the whole concept of distributed
processing networks versus notions of "parallel/sequential” models.

2. Word and Non-word Processing

The word/non-word distinction (semantic and grammatic versus graphic and phonemic conditions)
produced differences in both the S1 and S2 epochs (Figure 8). Significant differences occurred at
about 684 msec after S1 at right and left temporal and frontal sites. After S2, at the right parietal,
temporal and frontal electrodes (P4, aP2, F4, T4, aP6, and aF2) at about 365 msec, and at left lateral
antero-central (aC5), left temporal (T3), left frontal (F5), and anterior occipital (aO1) electrodes at
about 563. The tendency in these cases was for the graphic/phonemic waveforms to have larger
amplitudes than the semantic and grammatic. It is possible that the nonsense phonemic processing
than familiar words of the semantic and grammatic conditions. In order to determine whether this
effect was due to semantic processing or increased phonemic processing to nonsense words, the graphic
and phonemic conditions combined were compared to the semantic and grammatic conditions com-
bined, and the graphic and phonemic conditions were tested for differences. It was found that the
graphic and phonemic conditions tended to behave similarly at most (but not all) sites where there
were differences between the word and ’nonsense word’ (phonemic) conditions. Separation of the
phonemic non-word condition from the word conditions is consistent with models for lexical processing
which posit activation of independent phonological and semantic pathways for visually presented
words (Coltheart, 1985; Petersen et al., 1988). Evidence for this model is provided by dissociations of
letter versus word reading in dyslexia (Marshall, 1984), and by access to phonological features of lexi-
cal targets, but not the lexical targets, in anomia and aphasia (Farmer, 1978; Illes et al., 1986;
Joanette et al., 1980). The presence of bilateral word/non-word effects is not surprising, in view of the
abundant evidence for basic lexical comprehension in the non-dominant hemisphere (Gazzaniga and
Sperry, 1967; Ardila and Ostrosky-Solis, 1984). Somewhat unexpected, however, was that the effect
occured 200 msec earlier over the non-dominant hemisphere!
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3. Syntactic Processing

Grammatic and semantic conditions were differentiated after the first stimulus by the N442 peak
Considering that both types of stimuli were words with similar physical charactaristics, the main
difference was that the semantic condition used open class words (content words such as nouns and
adjectives) and the grammatic condition used closed class words (syntactic, or function words) in this
case pronouns. It is thus reasonable to suppose that the N442 is related to processing closed-class
words, to the initiation of a "syntactic parser” (Garrett, 1982), or to both. The “syntactic” effect at
left frontal sites (F3, F5 and aC3) is consistent with neurophysiological observations of syntactic defi-
cits and difficulties in handling closed class words in aphasia patients whose lesions involve and extend
deep to Broca’s area (e.g., Gordon, 1985; Metter et al., 1983). On the one hand, it is unlikely that
these were independent processes since, based on cognitive studies with healthy and aphasic subjects,
it is well known that processing of closed class words is closely linked to the processing of grammatical
form (reviewed e.g. in Lecours et al., 1983). One the other hand, the existence of a specialized access
system responsible for retrieving closed class items during language processing is still being investi-
gated (e.g., Bradley et al., 1980; Gordon and Caramazza, 1983; Petocz and Oliphant, 1988; Matthei
and Kean, 1989). The highly significant effects at right parietal sites is puzzling, and appears to be
part of a different process peaking at a later latency.

The P279 which distinguishes the grammatic from semantic condition after the second stimulus is eli-
cited by an open class word, specifically a verb which correctly completes the meaningful and gram-
matically correct sentences of the match trials. One possibility is that P279 reflects differences in pro-
cessing of verbs versus stimulus words belonging to other lexical categories (e.g., nouns, adjectives,
adverbs). This is unlikely, however, since 65% of the semantic stimuli were verb pairs themselves, or
pairs in which the S2 could be either a verb or a noun. Thus, the alternative and most likely explana-
tion is that the P279 may reflect syntactic closure of processes initiated by the first stimulus.

4. Comparison of Linked-Ears EPs and Laplacian Derivation Topographies

The major benefit of the LD is that it acts as a spatial high-pass filter, reducing common activity and
enhancing local cortical activity. Thus the LD averages show considerably more localized effects than
the linked-ears EP waveforms. The sharply defined effects in the LD waveforms elicited by the four
conditions in this study stand in contrast to the conflicting reports of lateralizations and localizations
in previous evoked-potential language studies (reviews in Kutas and Hillyard, 1980b; Regan, 1988).
Although, the LD distributions should not always be literally interpreted as reflecting the activity of
directly underlying cortical areas, their correspondence to language and other cortical association areas
in this study is striking.

5. Conclusion

By designing four carefully controlled tasks, recording from 59 scalp locations, and spatially enhancing
the task-related signals using the Laplacian Derivation, an unusually detailed picture of the complex
spatial and temporal course of several types of linguistic processes was obtained. The language condi-
tions exhibited sharply localized activity over left temporal and frontal cortices. All three language
conditions were alike in that they elicited similar N448 peaks at the left temporal electrode (T3) in
response to the first stimulus. However, they differed among themselves in the amplitudes of other
waves which were maximal at left-frontal (F3 and F5) and anterior central (aC5), and temporal (T3
and T4) sites. Although the linguistic and graphic conditions differed greatly, many of the graphic
effects occured at left-sided posterior sites, supporting the view that the posterior left-hemisphere
mediates the processing of complex visual figures. In addition, evidence for the priming of visual asso-
ciation cortex in anticipation of the greater processing requirements of unfamiliar graphic figures was
found.
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Figure 10. Topography of the Cue-evoked P323 evoked potential peak at all 59 scalp channels [LEFT],
and corresponding Laplacian Derivation N323 peak at the 39 non-peripheral channels [RIGHT]. The
P323 EP topography differs from that of the typical oddball “P300” peak in its anterior negativity
and left-sided lateralization of the posterior positivity. The site of maximum amplitude in both the
potential and LD distributions is at the left anterior occipital electrode (indicated by arrows). The LD
distribution also contains a current source at the midline frontal electrode (Fz). [Scale: EP, +/-3.15
mucrovolts; LD, +/-.146 microvolts per square centimeter.|
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IV. TECHNICAL DEVELOPMENTS
A. Overview

All brain signals undergo considerable spatial smearing as they pass through the tissues between the
brain and scalp, and in particular, the highly resistive skull. The popular technique of equivalent
dipole localization, which exists in various degrees of sophistication, is adequate only for simple sources
such as early exogenous transient responses or steady-state potentials. It cannot deal with multiple
dipole-like sources or complex distributed sources without a great deal of prior knowledge about their
location and orientation. In addition, concentric sphere or elipsoid models of the skull, CSF and scalp
do not resemble the actual geometries of the head and, moreover, the actual thickness of these tissues
is variable. To accurately derive a picture of the electrical currents of the brain at the cortical sur-
face, it is necessary to first construct a more accurate 3-D model of each subject’s head from high
quality 2-D MRI slices. A computationally intensive method of solving the Maxwell equations within
a large number of 3-D polygons (“finite elements”) comprising this reconstruction of brain, skull, etc.,
must then be applied. This method of "Finite Element Modeling” requires a high degree of spatial
sampling, at least on the order of 120 or more electrodes. This laboratory is in the process of develop-
ing such a method and applying it to simple sensory stimulation as the first step toward application to
complex signals generated during cognitive functions. Below we report first the results of simple
visual dipole localization, and then our progress toward a more advanced deblurring technology in a
preprint titled "Beyond Topographic Mapping”.

B. Dipole Localization

It is well known from anatomical and physiological investigations that the visual field (retina) projects
in an orderly manner onto the striate area of the occipital cortex. In essence, the visual field is pro-
Jected contralaterally and inverted about the horizontal midline, with foveal projections located at the
occipital pole and the more peripheral retina projecting to cortex located deeper within the calcarine
and longitudinal fissures. Evoked potential research has shown that the early-latency components of
the visual evoked potential (VEP) for pattern stimuli presented to restricted retinal areas can be
accounted for by equivalent dipole sources located in corresponding retinotopic projection areas.
Evoked magnetic field data have indicated similar localization, primarily based on steady-state stimu-
lation and analysis methods. This study evaluated dipoie localization for the steady-state evoked
potential to pattern reversal stimulation of all visual quadrants and octants in 4 subjects.

Quadrant and octant patterns (Figure 11, TOP) consisted of pie-shaped sections of a circular black-
and-white checkerboard having 8 concentric tracks each extending 2-degrees from a central fixation
point. Patterns reversed in phase 15 times per second on a computer monitor 1 meter in front of the
subject. Duration of stimulation was either 50 or 100 seconds, and three stimulation runs were
obtained for each pattern. Data recorded from the 4 normal male subjects consisted of horizontal and
vertical eye-movements (EOG) as well as 24 channels of EEG (referenced to Fz) selected from an
extended 10/20 system, including 17 electrodes on the posterior scalp. Artifact-free epochs of 0.533
sec, digitized at 128/s, were averaged and Fourier-transformed. Real and imaginary components of
the 15-Hz response were drawn onto maps of the head for the 3 averages from each subject and
stimulus, and for the grand average of the three stimulation runs. Data for each pair of adjacent
octants and the corresponding quadrant were then combined for calculation of the “canonical” phase
(i.e., the phase angle onto which the projections of all the phasors yielded the greatest squared ampli-
tude). For dipole-fitting, the theoretical position of each electrode on a sphere centered halfway
between Fpz and Oz was calculated. Least-squares analysis was used to find the location of the best-
fitting current dipole within the sphere at a resolution of 2.5 mm.
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The steady-state amplitude measures from the phasor analysis were used to construct topographical
isopotential maps and for least-squares fitting of equivalent current dipoles. Figure 11 [BOTTOM]
shows the electrode locations in a rear view of the head. Figure 12 [TOP] presents maps in this view
for each of the stimuli for one subject. Also shown (Figure 12, BOTTOM) is the location in the
coronal plane of the computed dipoles, and also its direciion for that subject. The length of the 3-D
extent of each dipole was set constant; the variation in length is due to the direction angle out of the
coronal plane. Figure 13 summarizes of these dipole fittings by averaging the computed dipole param-
eters for the four subjects.

These results show potential topographies consistent with occipital generators, and very close linear
summation of adjacent octant responses compared to those for corresponding quadrants. Each
equivalent dipole fit for each subject (with the exception of just one octant combination) accounted
for 81% of the variance in the response. These dipole locations were near the occipital pole contrala-
teral to the side of stimulation and also showed inversion with respect to the horizontal meridian.
These results are comparable to those found for early-latency transient EPs and for evoked magnetic
sources. However, the EEG equipment for this type of dipole analysis costs about 100 times less than
MEG equipment with a comparable number of channels. There were savings also in terms of time,
since only about 5 minutes of data was required.

Although this method proved very efficient and effective in locating dipoles for simple steady-state
sensory stimuli, single equivalent dipoles are not a suitable model for the complex, distributed
processes of cognitive functions. Work is already underway in this labcrat-~ry u the development of
more realistic models, as described below.
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‘ Pigure 11. [TOP] - Visual stimulus patterns; [BOTTOM] - Electrode montage viewed from the back of
the head.
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Figure 12. Potential field topographies corresponding to the stimuli in Figure 12, from one subject

(TOPJ, and the locations in the coronal plane and directions of the corresponding computed dipoles for
that subject [BOTTOM]|.
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Figure 18. Dipole locations for the 8 octant stimuli averaged across the four subjects are shown as
colored cylinders. The rear surface of the head has been removed to view the dipole positions and orien-
tations within. Direction of each dipole is indicated by the central axis of each flat cylinder. The large
multicolor circle is a color legend indicating the visual stimulus octant corresponding to each dipole. In
order to make the retinotopic projection easier to visualize, the color legend depicts which sectors in each
retina were stimulated (e.g., blue colors indicate upper-right retinal stimulation resulting from a check-

. erboard in the lower-left visual field.)
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C. Beyond Topographic Mapping: Towards Functional-Anatomical Imaging
with 124-Channel EEG’s and 3-D MRI’s
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ABSTRACT

A functional-anatomical brain scanner that has a temporal resolution of less than a hundred
milliseconds is needed to measure the neural substrate of higher cognitive functions in healthy people
and neurological and psychiatric patients. Electrophysiological techniques have the requisite temporal
resolution but their potential spatial resolution has not been realized. Here we briefly review progress
in increasing the spatial detail of scalp-recorded EEGs and in registering this functional information
with anatomical models of a person’s brain. We describe methods and systems for 124-channel EEGs
and magnetic resonance image (MRI) modeling, and present first results of the integration of
equivalent-dipole EEG models of somatosensory stimulation with 3-D MRI brain models.
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INTRODUCTION

There are a number of techniques for monitoring brain function that are more or less noninvasive,
including Positron Emission Tomography (PET), Single Photon Emission Computed Tomography
(SPECT), Magnetic Resonance Spectroscopy (MRS), Electroencephalography (EEG) and
Magnetoencephalography (MEG). Although the 3-Dimensional (3-D) anatomical imaging capabilities
of EEG or MEG are not comparable to PET, SPECT or MRs, EEGs and MEGs uniquely offer
temporal resolution in the millisecond range. This particular capability is invaluable for studying
seizure disorders and neurocognitive processes. With improving recording and analysis technologies,
other valuable information that generations of clinicians and researchers over the past 60 years have
believed was hidden in the EEG is becoming more accessible (see reviews in Lopes da Silva et al., 1986;
Gevins and Remond 1987). Indeed, as technical capabilities have increased, so has the specificity of
information extracted from EEGs, and the value of further developing methods to mine this hidden
information is clearly mandated by the noninvasiveness and low cost of scalp EEG measurements for
obtaining split-second information about brain function.

While spatial EEG features have often been difficult to discern in polygraph tracings, the recent
availability of EEG color topographic maps has made appreciating them easy, even for the non-EEG
specialist. The utility of the maps would be even greater if more spatial detail were available, and if
the scalp EEG patterns could be registered with underlying brain anatomy. During the past 8 years,
we have made some mndest progress towards this end. We have improved and expanded our
recording and analysis capabilities to accommodate 124 EEG channels, and have developed methods
for reducing blur distortion of EEGs by the skull. We have implemented programs for processing
magnetic resonance images, and we are developing a means of automatically constructing three-
dimensional (3-D) models of a subject’s brain. In tests of our metnod for registering EEGs and MRIs
using somatosensory stimulation data, we obtained good results. Previous reports of prior stages of
progress in this regard have been published in Gevins (1987, 1988, 1989a,b).

EEG RECORDING METHOD
A. Extended 10-20 System

Several nomenclatures for defining electrode placements added to the original nineteen placements of
the International 10-20 System (Jasper, 1958) have been published (see Gevins, 1988). Regardless of
which nomenclature is used, the basic idea is that extra equidistant coronal rows are added between
the original rows, and extra equidistant electrodes are added to fill in the spaces in each row. Our
current 124-channel montage is shown in Figure 1. In the system we use, the letter "a” is prefixed to
an existing 10-20 row name to indicate a position anterior to the existing one. For example, aO is
anterior occipital, aP is anterior parietal, aC is anterior central and aF is anterior frontal. Two
additional numbers appear after the location number (1-8) of the 10-20 positions. These two numbers
(0-9) indicate the proportional distance to the next anterior and medial 10% electrode position,
respectively. For example, an electrode halfway between P3 and aP1 would be named P355, while an
electrode halfway between P3 and P1 would be named P305. With the original nineteen electrodes of
the 10-20 System, the typical distance between electrodes on an average adult male head is about 6
cm; with 124 electrodes, the typical distance is 2.25 cm.

B. Electrode Hat

In most routine clinical EEGs, electrodes are prepared and positioned on the head individually, while
in some labs commercially available electrode caps with nineteen built-in electrodes are used.
Extending the cap idea, we constructed one from a stretchable fabric, and populated it with 124
commercial tin-disk electrodes encased in plastic holders (Figure 2). The cap is positioned on the head
by reference to the nasion, inion and preauricular notches. Individual recording sites are cleansed in
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the usual manner, and conducting gel is injected with a blunt needle through the top of each electrode.
It takes a team of four research assistants about an hour to prepare a subject. While this is acceptable
for infrequent research recordings, it is far too long and costly for routine use. We are developing a
more efficient system for recording EEGs which we expect to greatly reduce application time.

C. Measuring Electrode Positions

Traditionally, individual electrodes are placed according to measurements taken with a tape measure.
While this is sufficient when recording from 19 electrodes, greater precision is needed when many more
electrodes are used and when one wishes to relate a recording position on the scalp to the underlying
cortical anatomy. In our lab, the position of each electrode on a subject’s head is measured with a
probe that has coils for sensing the three-dimensional position of the probe tip with respect to a
magnetic field source in the head support (Figure 3). Adjustable guides built into the head support
hold the subject’s head comfortably in place while the measurements are made. A menu-driven
program is used to select electrodes to be measured and display the digitized position of each electrode
on a two-dimensional projection display. Position measurement is accurate to better than 3mm [RMS].
Figure 4 shows the screen image of this program after all electrodes and some additional surface
landmarks have been digitized.

D. Software System for Data Collection and Analysis

Commercial EEG computer systems have vastly improved during the past few years, yet some
important limitations stiil restrict their utility for researchers such as ourselves. This is a consequence
of the fact that most systems have been designed for the clinical market where the central concern is
to provide a series of fixed tests and measures. The most severe limitations are that: (1) a way to
implement new experimental protocols flexibly is rarely provided; (2) artifact detection and editing
capabilities are too limited; (3) the system capacity for recording large numbers of channels and
collecting and storing large databases is inadequate; (4) there are limited means of subdividing data to
explore relationships between subsets of data and variations in a subject’s responses or state; and (5)
spatial analyses are underdeveloped, with too few channels, a lack of spatial filters to reduce volume
conduction distortion, a lack of cross-channel analyses (e.g., crosscovariance and crosspower, correlation
and coherence), and the lack of means to investigate the relationship between neuroelectric data and
cortical anatomy and physiology revealed by MRI and PET imaging technologies.

The system we have been developing, now in its fifth generation, is aimed at overcoming these
limitations (Gevins & Yeager, 1972; Gevins et al., 1975, 1989; Gevins, 1980, 1984, 1987; 1988) (Figure
5). This generation is distinguished from its predecessors architecturally by its self-decoding Data
Description Language, network extensibility, and multi-window graphical user interface. As of May
1990, all the functions described in the following two paragraphs are fully operational.

1. Data Collection: In the fifth generation EEGSL system, two computers are used for data
collection: a Concurrent 5700 and an IBM PC-compatible 386. The PC is used to present stimuli and
gather behavioral response data from the subject, while the Concurrent collects physiclogical data and
controls the PC. The Concurrent runs a real-time version of the UNIX operating system, while the PC
runs the DOS operating system. We have written an experiment control software system which runs
the two computers, presents a variety of visual, auditory and somatosensory stimuli according to
flexible task protocols, and digitizes up to 256 channels of physiological data. Up to 128 EEG traces
can be monitored in real time as data are collected. Most parameters of an experiment can be altered
via a menu-driven interactive display. A calibration module numerically adjusts the gain of all
channels according to the magnitude of a calibration signal. Another module detects gross artifacts
and color-codes contaminated data such as eye movements, gross head and body movements and bad
electrode contacts on the operator’s screen. Stimulus, behavioral and physiological data are stored on
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hard disk according to a self-decoding Data Description Language, and archived to magnetic tape.
The data are immediately available to researchers at their desks using either remote terminals, or SUN
workstations via Ethernet and Network File System.

2. Data Analysis: For subsequent data analysis the current system also has a number of other
functional improvements over its predecessors including: (1) least-squares Laplacian derivation
estimation to reduce volume conduction distortion (Gevins, 1989b); (2) digital filters with user-specified
characteristics; (3) time series analysis including spectral analysis, Wigner Distributions (Morgan and
Gevins, 1986), and event-related covariance analysis (Gevins et al., 1987, 1989a; Gevins and Bressler,
1988); (4) neural-network-driven pattern recognition to extract optimal or near-optimal subsets of
features for recognizing different experimental or clinical categories (Gevins, 1980, 1987; Gevins and
Morgan, 1988); and (5) anatomical modeling to construct 3-D finite element models of the brain and
head from MRI scans (Le et al., In Prep.; Brickett et al., In Prep.; Reutter et al., In Prep.). Four on-
line, interactive subsystems are used to examine and edit data for residual artifacts (on an individual
channel basis if desired), sort data according to stimulus, response or other categories, perform
exploratory data analysis, and produce three-dimensional color graphics representations of the brain
and head.

MRI ANALYSIS AND MODELING METHODS

Since commercial MRI analysis packages are not designed for research on functional-anatomical
integration and thus lack features essential to our undertaking, we have had to develop our own
algorithms and software to produce 3-D brain models suitable for functional localization studies.
Visualization software permits construction of 3-D composites of multiple 2-D image planes, as well as
3-D surface rendering based on surface contours. Since generating surface contours manually is
laborious and subject to error, we have worked on automating the procedure. We have also automated
the alignment of the digitized EEG electrode positions with the scalp surface contours, which is a
critical first step in a functional-anatomical analysis. The MRI contour information is used to produce
a mathematical finite element model (FEM) of the brain and head suitable for equivalent dipole source
localization and scalp EEG deblurring development. Since complex FEM normally run on
supercomputers, we made a significant effort to develop FEM algorithms and programs that could run
efficiently on a desktop workstation.

A. EEG-MRI alignment procedure

In order to visualize the brain areas underlying EEG electrodes, a procedure is needed for aligning
scalp electrode positions with the MR Images. In the procedure we now use, x, y, z translation and x,
¥y, z axis rotations are computed iteratively to align the digitized positions of the EEG electrodes with
the MRI data. This is done for each electrode by finding the distance to the closest point on the scalp
surface MRI contours and minimizing the mean distance for all electrodes. With MR images that have
a 3 mm inter-slice spacing, we usually achieve a mean error distance better than 2 mm. This is more
accurate and less subjective than alignment procedures that use skull landmarks such as the nasion
and pre-auricular points located visually in the MR images. Figure 6 shows the electrodes displayed
schematically on a scalp surface reconstructed from horizontal MR scalp contours as described below.

B. 3-D Composite MRI displays
Figure 7 shows examples of 3-D composite images taken from a routine clinical MR exam of a patient
with partial seizures. A combination of horizontal, coronal, and sagittal plane images are shown in five

different views. Figure 8 shows another composite from the same data and also a partial surface
reconstruction done as described below.
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C. Contour extraction and surface rendering

Both the scalp and cortical surface contours in Figures 7 and 8 were traced using an intensity
thresholding technique, one of the two image analysis methods we developed to extract scalp and
cortical surface contours from MRIs. The first technique uses intensity thresholding, which involves
extracting contours along which the image intensity is equal to a defined threshold. This technique is
useful for extracting the scalp surface contour which can be discerned easily from the black
(approximately zero intensity) backyround of the image.

The current method of surface rendering has six steps: 1) for each pair of adjacent contours, find the
point on the second contour closest to the first; 2) calculate the two distances from each of these
points to the next point on the adjacent contour; 3) make a triangle using the point with the shortest
distance, advancing on that contour; 4) repeat steps two and three until all points are exhausted; 5)
repeat steps two to four in the reverse direction along the contours; and 6) piece together the “best”
result. This was the surface reconstruction method used for Figure 8 showing a surface reconstruction
of the cerebral cortex (in yellow), from the same patient as in Figure 7, using the available coronal
slices.

The second contour extraction method we have used involves differential intensity analysis. Using this
technique, contours that separate image regions with different local average intensities are extracted.
Resulting contours pass through the points in the image at which the local average image intensity is
changing most rapidly. This technique requires no a priori intensity threshold value, and is useful for
extracting the cortical surface contour which has a less well-defined image intensity value throughout
an image than the scalp surface contour. The first-order and second-order partial derivatives of the
image are estimated using 2-D filters, and these derivatives are used to locate the local maxima in the
gradient of the image intensity. Highly computationally efficient filtering techniques have been

' developed for the estimation of the partial derivatives of the image (Algazi et al., 1989). Figure 9
shows an example of contours corresponding to locations of local maxima in the gradient of the image
intensity, which trace sulcl.

D. 3-D Cortical surface image model

3-D surface models of the external convexity of the cerebral cortex, such as those of Figure 8, are not
sufficient to visualize and computationally model the cortical surface within fissures and sulci. As a
result, we developed an algorithm to model cubic volume elements (voxels). The faces of the voxels lie
in the horizontal, coronal, and sagittal planes for which MRI data have been obtained. The MRI data
are mapped onto the faces of the voxels to obtain a 3-dimensional display of the image data. The
image planes used are averaged horizontal planes that lie halfway between the horizontal planes in
which MRI data have been acquired, and coronal and sagittal image planes that are synthesized from
the acquired horizontal images using linear interpolation. The spacing between image planes is 3 mm,
which yields voxels with dimensions of 3 mm by 3 mm by 3 mm. The images have pixel dimensions of
approximately 1 mm by 1 mm.

The initial set of voxels is the set bounded by those voxels that lie just inside the cortical surface. To
view the MRI data at a slightly deeper level, a mathematical morphology erosion operation is used to
remove the boundary layer of voxels, thereby exposing the faces of the voxels that lie one layer deeper.
By eroding the model iteratively, anatomical structures can be tracked and 3-dimensional models of
the structures can be made (see Figure 12).
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E. Finite Element Modeling

Maxwell’s Equation, (Landau et al., 1984, Nunez, 1981)
Ve(oVu) + VeJ = 0 in 0 (1)

is frequently used to study the electromagnetic field generated by populations of neurons. Here o (>
0) is the conductivity tensor at a point R = (x,y,z) in Q (e.g., a human head), u is the electric poten-
tial at R, and J is the electric current density at R. When Q represents a human head, the following
boundary condition for equation (1) is obtained

oVuen = 0 on S (2)

since electric current does not flow out of the head in the direction normal to the surface. The limited
scalp potential measurement specifies another boundary condition.

v = Uz y, 2) on S,. (3)

Where S, is a subsurface of S corresponding to area covered by electrodes.

The Finite Element Method (FEM) we developed finds the numerical solution of equation (1) with the
boundary condition as specified in equation (2) when the electromagnetic field activities of a head are
modeled. Advantages of this approach are: 1) it handles the Dirac Delta Function VeJ smoothly by
transforming equation (1) into a variational form when J represents a dipole-like kind of source; 2) it
allows us to model the complicated geometries of different tissues within the head by generating finite
elements using contours on pairs of adjacent MR images; and 3) it produces a sparse matrix in which
many entries are zeroes. We developed efficient sparse matrix techniques (Le et al., in prep.) that can
solve Maxwell’s equation at 10,087 FEM nodes in about 100 min on a SUN Sparc-1 workstation (12
MIPS) with 8MB of memory (Figure 10).

We can use this analysis to localize single equivalent dipole sources of recorded scalp potentials, or
obtain the potential distribution within the whole head given the localized source. To do this, we
choose a specific function J and solve the corresponding potential distribution u using FEM such that
the difference between u on S, and U(z,y,z) defined on S, is minimized using an iterative process.
Another use of FEM, in which the current distribution on the surface of the brain is estimated from
scalp recordings, is described in the next section.

TOWARDS FUNCTIONAL-ANATOMICAL INTEGRATION
A. Spatial filters to reduce blur distortion

Electrical currents generated by sources in the brain are volume conducted through brain, cerebrospi-
nal fluid, skull and scalp to the recording electrodes. Because of this, potentials due to a localized
source are spread over a considerable area of scalp and the potential measured at a scalp site represents
the summation of signals from many sources over much of the brain. Using a 4-shell spherical head
model, we have estimated the “point spread” for a radial dipole in the cortex to be about 2.5 cm
(Doyle and Gevins, Submitted). The "simplest” way to reduce this distortion is to take the Laplacian
in two dimensions about each electrode. Details of this method, however, are less straightforward than
they might seem, as discussed below. Another improvement in distortion is possible, in principle, by
using a Finite Element Method and estimates of the conductivity properties of the tissue between
brain and scalp surface to estimate the potentials which would actually be recorded on the surface of
the brain.
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1. Laplacian operator: Neuroelectric signals recorded at the scalp are principally distorted by
transmission through the low-conductance skull. This distortion manifests as a spatial low-pass filtering
which causes the potential distribution at the scalp to appear blirred or out of focus. There are a
number of methods for reducing this distortion, among which the spatial Laplacian operator is perhaps
the simplest and most effective (Nunez, 1981). This method, which is often referred to as the Lapla-
ctan Dertvation, is derived by computing the second derivative in space of the potential field at each
electrode. This converts the potential into a quantity proportional to the current entering and exiting
the scalp at each electrode site, and eliminates the effect of the reference electrode used during record-
ing. An approximation to the Laplacian Derivation, introduced by Hjorth (1975, 1980) assumes that
electrodes are equidistant and at right angles to each other. Although this approximation is fairly good
for some electrode positions such as midline central (Cz), it is less accurate for others such as midtem-
poral (T5). We have been using a more accurate estimate of the Laplacian that is based on projecting
the measured electrode positions onto a two-dimensional surface. Although this produces a dramatic
improvement in topographic detail, some problems remain because of the assumptions that surround-
ing electrodes used to estimate the Laplacian of an electrode are near that electrode and that the
current gradient is uniform over the region encompassed by the surrounding electrodes. Furthermore, it
is not possible to estimate the Laplacian at peripheral electrodes since there are no surrounding elec-
trodes on one side.

The objective of the LD calculation is an accurate estimate of

d* d*
s T 43
az’ dy

1 (1)

When the electrodes are arranged in a uniform square grid, the method described by Hjorth will suf-
fice. However, both variations in distance and variations in angle are always present to some degree,
and can cause serious errors in calculation. Variations in distance can be corrected by dividing by the
interelectrode distance (Thickbroom, 1984). Non-uniform angles between electrodes are more difficult
to correct. Spline extrapolation methods have been used to account for both types of variation (Per-
rin, 1987), but require such large amounts of computation that they are practical only for small
amounts of data. The method presented below also accounts for both types of variation, but requires
only an initial large computation of coefficients based on the actual geometry of the electrodes.

Assume we wish to compute the LD at position ¢y using N surrounding electrodes in an arbitrary con-
figuration as shown:

Let the voltage at position ¢; be designated by V;. Put the origin of a cartesian coordinate system at
go With the z axis pointing perpendicular to the plane nearest the electrodes. Let (¢;;,9;;) represent the

x and y components of the electrode position within this plane.

Then E(z,y) = =V V(z,y) is the electric field in the plane or equivalently:
Vo—Vi= [E-& (2)
Cc

Where C is any curve in the plane connecting g to ¢;. If we let E; and E, designate the x and y com-
ponents of E then the two-dimensional laplacian of the voltage is given by:

8E, OE
ViV = | —+— 3
2z | ay (3)
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The field E can be expanded in a two-dimensional Taylor series (Rudin, 1976; Apostol, 1969) as:

-

E() = E(0) + DE©)T + []°7(7) (4)

where ¢T = (¢z,9,) , T is a remainder term which is bounded as ¢—0 and DE is the Jacobian matrix of
E given by:

[ OE, OE, ]
DE = oz % 5
~ | OE, QE, (5)

dz 8y J

If we let @(t) be a parameterization of the line segment connecting ¢; with g, then taking the first two
terms in equation:

VO - V,' = fﬁd; (6)
a
to
. 0E, OE, O0E, 0K, |_
= [|F f s i A(t)dt
{),() ax”ayyax“ ayya()
' oF, 5 OF, - OE, )
= Ez(o) Gy T Ey(o) giy + 3z Gz T dy Qiz iy T ?y—%'y

Here we have made use of the fact that the curl of an electric field is zero which implies

3E,  3E,

dy Jz (7

We can combine the above equation for each of the surrounding electrodes in a single matrix equation:

41 qy D12°/2 Gy 9y0/2) E,(0) (Vo — V)]
@2z Qoy q2z2/2 92292y q2y2/2 Ey(O) Vo— Vs
aE,

nz  Gny qn12/2 Anzqny Qny2/2 Ay

or

Il
<
—_
L

QF
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In this equation the @ matrix is composed of the x and y coordinates electrode positions and remains
fixed during the entire recording. The voltage vector V is measured at each time point and vector F
composed of the electric field components and their derivatives is unknown.

Multiplying the above by the transpose of @ gives
QTQF =™V (10)

If Q premultiplied by its transpose QT is nonsingular then we can form the least squares estimate of F
as

F=[QTq| @V (11)

' -1
If we let C be the sum of the third and fifth rows of {QTQ} Q7 then from the above equation we
can estimate the laplacian LD as:

’ \

2V:_{aEz JE,

v + ~-CV (12)

Oz dy

2. Finite Element Method deblurring in a realistic head model: Since an “image” of the potential
distribution over local cortical areas is highly desirable, spatial deblurring methods can be used to
reduce volume conduction and increase spatial resolution. One method of doing this without introduc-
ing an arbitrary model of the actual number and location of sources is to use finite element methods to
represent the true geometry of cortex, cerebrospinal fluid, skull and scalp, and to model the potential
activity described by Maxwell’s equations in the scalp and skull layers. This operation could be per-
formed without imposing an arbitrary source model because, regardless of where they are generated in
the brain, potentials recorded at the scalp must arise from volume conduction from the cortical surface
through the skull and scalp. While we expect this method to produce an estimate of the current distri-
bution at the cortical surface, it does not identify the number, position, or orientations of sources. (For
instance, the skull currents resulting from a tangential dipole source in the cortex might still be diffi-
cult to distinguish from that caused by two radial dipole sources.)

For this application, the region of interest is limited to the scalp volume and skull volume. The differ-
ence between the inner surface of the skull and the outer convexity of the cortical surface is assumed
to be small enough to be neglected. We also assume that the potential activity in the region of
interest is described by Maxwell’s equation, that the boundary condition on the air-scalp surface is
stated by equation (2), i.e., current cannot flow out of the scalp, and that the boundary condition on
the cortical surface is stated by the following equation (4) which describes the cortical surface poten-
tials.

u = G(z,9 2) on Ss. (4)

We also assume that there is no generating source within the scalp or skull which means the function J
in equation (1) is zero. Although of course there is no general solution to the “inverse problem,”
because of the assumed boundary conditions there is a unique solution of equation (1), which may be
obtained as follows. Applying the Finite Element Method to equation (1) with boundary conditions in
(2) and (4), the following matrix vector relation is obtained (Le et al., in prep.)

Au = f. (5)

Here u is a vector of dimension n, which is a numerical approximation to the analytical potential dis-
tribution function u in equation (1). The value of n corresponds to the total number of vertices on all
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the finite elements in the region of interest. Since we are assuming that no generating sources are
present in the skull and scalp, J=0 and therefore f=0. We then decompose u into three sets, the
potentials which correspond to the electrodes on the scalp, the potentials which correspond to the corti-
cal surface, and the potentials in the rest of the region, and denote them by u;, us and u, respectively.
If we decompose the matrix A correspondingly, then equation (5) becomes:

Ay Ap Al
Asp Agy Aozl |un| = 0.

Ay Ap Ayl |u;
Solving u; with respect to us, we get
(A~ ApARAg Juy = (ApAR'As - Ay o (6)
and solving us with respect to u;, we get
AR As Jug = (ApAn'Asy — Ay u. (7)

For a given Gy, uf is known. Then uf can be computed via equation (6) and the residual is calculated
from uj and U(z,y,z) which correspond to the predicted and measured potentials, respectively.

8. Estimating conductivities and evaluating deblurring method: Up to now, estimates of conduc-
tivity for the scalp, skull, CSF and brain have been published (Geddes & Baker, 1967; Hosek, 1970).
We have attempted to estimate skull conductivity by injecting small currents at one electrode and
recording at the others for many combinations of stimulating and recording electrodes (Gevins and
Doyle, Unpublished data). This has failed, however, because of the obvious shunting effect of the
scalp. We are currently working on a more direct approach that does not involve applying external
stimuli but rather uses known natural sources of activity. We are evaluating the method by compar-
ing deblurred scalp data with subdural grid data recorded from the same patient.

B. Equivalent Dipole Modeling of Somatosensory Stimulation

We are just beginning to apply the methods described above to functional-anatomical localization.
The first application was to perform equivalent dipole modeling of somatosensory stimulation. For this
purpose, the middle fingers of the left and right hands, and the right index finger were each electrically
stimulated at 15 Hz for three 100-second intervals. Artifact-free epochs of 0.533 seconds were aver-
aged, and Fourier-transformed real and imaginary components of the 15-Hz response were averaged
over each 100-second run. Data for each of the three runs were then combined for each finger for cal-
culation of the "canonical” phase, i.e., that phase angle onto which the projections of all the phasors
yielded the greatest squared amplitude. These steady-state amplitude measures were used to construct
topographical maps and for least-squares fitting of equivalent current dipoles. Preliminary results for
the first subject (Figure 11) show topographical maps of the Laplacian of the evoked responses to
stimulation of the left and right middle fingers. (Each map is scaled separately. Amplitude of the
right finger response is approximately one half that of the left.) Figure 12 presents the result of fitting
single equivalent dipoles to these data and also the result for the right middle finger. Dipoles are
shown with respect to the scalp surface and eroded brain model described above. Each dipole is
represented as a disk with it’s center on the dipole location, and axis in the dipole direction. Each
dipole appears in the contralateral hemisphere, and the dipole for the forefinger is located slightly more
lateral than that for the middle finger, consistent with the known locations of the sensory projection
areas and other physiological source localization results (Luders et al., 1986; Wood et al., 1985).
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CONCLUSION

There is no doubt that much useful information lies hidden in the EEG. We are optimistic about
advancing our technology to mine this hidden information, and to further our investigations of the
neural substrate of human higher cognitive brain functions.
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FIGURE LEGENDS

Figure 1: Diagram of 124-channel scalp montage. Electrode names are based on 10-20 system with
additional letter prefixes and numerical suffixes (see text).

Figure 2: Subject wearing 124-channel EEG hat.

Figure 3: Measurement of electrode coordinates. The research assistant touches each electrode with a
magnetic position sensor while the subject is resting his head on a chin rest built into a head support
which gently restricts head movement during the measurements. The 3-D coordinates of each elec-
trode position are transmitted to the data collection computer.

Figure 4: Graphic display of measured electrode positions. The menu at the left lists each of the elec-
trode names. An initial three positions are used to determine the coordinate system, usually T3, T4
and Fpz. A circle, representing the head circumference, is then drawn around these three positions.
Subsequent electrodes are shown in equidistant projection, with electrodes outside the circle represent-
ing locations lower than the circumference through T3, T4 and Fpz.

Figure 5: Manscan® functional-anatomical neuroimaging system.

Figure 6: Electrodes schematically displayed as small cylinders, at the actual measured postions, on a
3-D model of the subject’s head constructed from his MRIs.

Figure 7: Five views of composite MR images. Horizontal slices are shown in yellow, sagittal in
magenta and coronal in blue. For each slice, a closed contour which outlines the scalp is first automat-
ically obtained with a thresholding algorithm. The composites are then drawn for each viewing posi-
tion by displaying the MR intensity values contained within each contour.

Figure 8: Composite MR images showing a reconstructed cortical surface (in yellow) produced from the
automatically traced cortical surface contours. Surface is relatively smooth because it was recon-
structed from a standard clinical MRI scan with 5 mm interslice intervals. Also shown are images con-
tained within the scalp contour for one sagittal section (magenta) and one posterior coronal section
(blue). The anterior blue image is the coronal data contained within the cortical surface contour.

Figure 9: (Left) Midline sagittal MRI obtained with TR=600 and TE=20 ms. (Right) Output of
automatic edge-detection software. The lines shown correspond to locations of local maxima in the
gradient of the image intensity. These contours pass through the points in the image at which the
local average intensity is changing most rapidly.

Figure 10: Automated construction of finite elements within brain, skull and scalp volumes, with alter-
nating elements shown in red, green and blue, for the respective tissue type. (a) Tetrahedral elements
generated in an outer ring in brain. (b) An entire horizontal slice at the level of the orbits. (c) All slices
superimposed except for the topmost horizontal slices.

Figure 11: Laplacian of 124-channel evoked potentials evoked by 15-Hz stimulation of the middle
finger on left (top) and right (middle) hands of this subject mapped onto his own MRI-derived scalp
surface. The map for the right index finger is shown in the bottom panel. Color scale shows zero as
white and the maximum as magenta.

Figure 12: Integraticn of EEG and MRI data as a step towards anatomical-functional localization. The
data shown in Figure 11 were used to compute best-fitting single equivalent dipoles using a three-
sphere head model. The figure shows top, left and right views of the scalp surface reconstructed from
horizontal MR images. The voxel brain model shown in light blue corresponds to four stages of erosion
of 3 mm layers, hence its shrunken appearance. The dipole for right index finger stimulation (dark
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blue) is located most left-laterally. The middle finger dipoles (purple) are located appropriately in con-
tralateral hemispheres.
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V. DISSEMINATION OF TECHNICAL INFORMATION

A. Publications dealing with methodology

Gevins, A.S., Brickett, P., Costales, B., Le,. J., Reutter, B. (In press) Beyond topographic mapping:
Towards functional-anatomical imaging with 124-channel EEGs and 3-D MRIs. Brain topography
(see Section IV.D). Application of the method of Event-Related Covariance has been detailed in
EEG clin. Neurophys., 74(1), pp. 58-75, and in Functional Topography of the Human Brain, (G.
Pfurtscheller, Editor) pp. 99-116. A historical discussion of between-channel correlation measures is
presented in Chapter 6 of the Handbook of Electroencephalography and Clinical Neurophysiology, Vol.
1, (AS. Gevins and A. Remond, Editors). The 128 channel recording system, and latest methods of
measuring scalp positions and registration with MRI scans has been presented in Brain Topography,
Dynamic functional topography of cognitive tasks (1989). More detailed descriptions are planned.
The 64-channel system and earlier methods of registration were presented in Dynamics of Sensory and
Cognitive Processing of the Brain (E. Basar, Editor) pp. 88-102. Our current Laplacian derivation
procedure is described in Brain Topography, Dynamic functional topography of cognitive tasks (1989).
Mathematical methods used in brain modeling are described in Beyond topographic mapping (In
Press). Pattern recognition methods have been described in IEEE ASSP Trans., 86(7), pp. 1152-
1161. Tutorials on this topic were previously published in IEEE Trans. Patt. Analy. and in Chapter
17 of the Handbook of Electroencephalography and Clinical Neurophysiology, Vol. 1. We are also try-
ing to increase awareness about the need for technological and methodological advances in mainstream
psychophysiology by writing detailed analyses of the findings and limitations of contemporary ERP
research, and the technical obstacles which must be overcome to bridge those limitations (Gevins and
Cutillo, Chapter 11 in the Handbook of Electroencephalography and Clinical Neurophysiology, Vol. 2
(F. Lopes da Silva, W. Storm van Leeuwen and A. Remond, Editors).

B. Presentations at meetings 1988-1989

We have increased the number and types of meetings at which we present our results, in order to
disseminate our work and reach researchers with different specializations, e.g., psychologists, neuro-
physiologists, neurologists, psychiatrists and biomedical engineers. A partial list of meetings during
1988 and 1989 to which the PI was invited to speak is provided here. In addition to these, the PI,
Co-PI and other EEGSL scientists have made invited and contributed presentations at a variety of
national and international meetings.

Invited lectures and symposia by A. Gevins, 1988 to March, 1990

Int. Conf. Pharmaco-EEG, Japan, 1988 (Psychopharmacologists)

Soc. Psychophys. Res., San Francisco, 1988 (Psychophysiologists)

Amer. EEG Soc., San Diego, 1988 (Clinical Neurophysiologists)

Neurology Grand Rounds, NINDS, 1988 (Neurologists and Psychophysiologists)

IEEE Conf. Biomedical Engineering, New Orleans, 1988 (Biomedical Engineers)

AFOSR Cognitive Science Program Review, Colorado Springs, 1988 (Cognitive Psychologists)
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Signs of Model Making by the Human Brain

A.S. GEVINS

1 Introduction

The brain is a tvpe of Rorschach test for scientists. Each scientist describes the
brain’s structure or function with the language and imagery of his or her own par-
ticular trade. be it mathematics, physics. computer science, neurophysiology. or
psychology. But these descriptions inevitably fall short because the brain itself is
its own metaphor. With this in mind. [ am going to speculate that recent neuro-
electric measurements we made from people performing simple cognitive tasks
may be interpreted as signs of the internal models that our brains use to interpret
stimuli and take action. But first. I should review the methods and results.

[§9]

Signal Processing Methods

2.1 New Mecthods for Measuring Neurocognitive Neuroelectric Patterns

During the last 15 vears. my -slleagues and I bave devoted a full-time effort to
developing mathematical procedures and computer systers for extracting more
specific information {rom EEGs (reviews in Gevins and Yeager 1972; Gevins et
al. 1975 Gevins 1980, 1984, 1987a. b, c. d: Gevins and Morgan 1986. 1988:
Gevins and Bressler 1988). So far, we have applied these methods to six experi-
ments which attempted to measure human higher cognitive functions with in-
creasing specifictty (Gevins et al. 1979a, b, ¢, 1981, 1985, 1987, 1988. 19894, b).
For each set of two experiments. we developed a novel set of experimental stimuli.
analytic procedures, and software systems to overcome the shortcomings of the
last set.

The increasing capability of laboratory computers has been the engine of our
progress. Fifteen years ago. I naively thought that if [ could only apply a trillion
arithmetic operations to a billion bvtes of neuroelectric data. I could find out
something basic about how human brains worked. Now that this capability is
routine. I am eagerly awaiting the 100-trillion operation. 10-billion-bvte experi-
ment.

The need tor this much computation results from the increasing number of
scalp EEG channels. as well as the increasingly complicated anaiyses required to
measure subtle spatiotemporal neurocognitive signals {rom large sets of single-
trial data. Currently, we are routinely recording 64 EEG channels, and analvzing
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Fig. 3. Schematic diagram of how the previous mo-
ment’s internal model influences the current moment's
! perception. decision. and action. and how the feedback

Feedback network

' ext trom the present moment intluences the next moment’s
internal internal model. Spauotemporal neuroeiectric signs of
L model preparatory and teedback networks have recently been
measured

the current moment. Based on these models. we use our body’s effector and sen-
sory svstems to actively probe the enironment for stimuli relevant to our needs
{Fig.2). When the model for a particutor task is incorrect. as with incomplete or
inappropriate preparation. subsequent performance 1s usually incorrect. When
feedback follows action, the brain modei updates.

I mnterpret the preparatorv and feedback “networks.” aspects of which we
have measured. as signs of these situation-specific internal models. With further
development, we can cxpect to have increasingly detailed direct measurements of
how our experience of reality is svnthesized in the brain.

5 Summary

Using state-of-the-art recording and signal processing procedures, we measured
spatiotemporal neuroelectric patterns as subjects prepared to produce a precise
finger pressure to a visual stimulus. as they made the response, and as they re-
ceived feedback information about the accuracy of their response. For each of
these three situations, we calculated ERC patterns between pairs of electrodes.

ERCs that preceded accurate left- or right-hand performances overlay the left
frontal cortex, and the motor and parietal cortices contralateral to the performing
hand. In addition. strong ERCs overlying midline motor and premotor cortices
preceded left-hand performance. This “preparatory network” comprised distinct
cognitive, somesthetic-motor. and integrative motor cortical areas. We used its
presence or absence to predict the accuracy of responses that began 0.5-1s
later.

Similarly, we measured a “feedback network™ in an interval spanning an early
P300 peak. Signals from bilateral and midline frontal sites were invoived in pat-
terns related to inaccurate feedback, whereas the left and midline trontal sites
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3.3 The Fourth Experiment (Gevins et al. 1988)

After learning and practicing a difficult visuomotor-memory task (VMMT) until
their performance was stable. each ot five healthy. right-handed. male subjects re-
turned to the laboratory the next morning and performed several hundred trials
of the task. This task required subjects to remember two continuously changing
numibers. in the presence of numeric distractors. and produce precise finger pres-
sures. Each tnal consisted of a warning symboi. followed by a single-digit visual
stimulus to be remembered. followed by the subject’s finger-pressure response 10
the sumuldas number presented two trials ago. followed by a two-digit tfeedbuck
number indicaung the accuracy ot the response. For example. if the sumulus
numbers 1n five successive trials were 8. 6. 1. 9. 4. the correct response would be
a pressure of 0.8 kg when seeing the 1. 0.6 kg for the 9. and 0.1 kg {or the 4. To
increase the task difficultyv, subjects were required to withhold their response on
a random 20?4 ot the trials. These "no-response catch trials™ were trials in which
the current sumulus number was identical to the sumulus two trials ago. After
the experiment. we divided each subject’s responses into “relatively accurate™ and
“relatively inaccurate” trials, depending on whether the error of an individual
trials was less than or greater than that subrect’s mean accuracv over the session.
Accurate and inaccurate trial sets were randomly distributed across the session.
EEGs were recorded with either 33 or 21 channels set in a nvion mesh cap.
Verucal and honzontal eve movements were also recorded. as were the respond-
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Fig.4 ERCs preceding accurate and inaccurate performance of a task that required subjects to
produce precise finger pressures proportional to numbers held in memory. Significant (P <0.05)
ERC patterns dunng a 300-ms interval when five subjects were remembering two numbers and
awaiting a new number to be remembered. The ERC pattern preceding accurate performance
is stronger. and differs from the inaccurate pattern prnincipally in the postenior channels
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7. Using the magnitude of the maximum cross-covariance function and its lag
time to characterize the ERC
8. Estimating significance of ERCs by the standard deviation of the “noise™
ERC estimated from randomized data
9. Graphing the most significant ERCs in each interval
10. Stausticatly comparing ERC distributions between experimental conditions.

2.3 Vahdating ERC Measurements

The current ERC analysis has been applied to data recorded from several experi-
ments. The validity of the method is demonstrated in analvsis of visual stimulus
processing and response execution intervals of a visuomotor task (Gevins et al.
1987). Dunng the period of visual processing. ERC patterns involved posterior
sites followed by anterior parietal and premotor sites. This finding was consistent
with neuroanatomical considerations and clinical neuropsyvchological studies.
Likewise. ERC patterns for movement-related intervals corresponded to prior
functional neuroanatomical studies of primates and patients with intracerebral
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Fig. 1. Most significant (top one standard deviation) ERC patterns at the peak of the finger pres-
sure for nght- and lett-hand tnals from seven nght-handed subjects. superimposed on maps of
Lapiacian response potential amplitude. The thickness of an ERC line 1s proportional to the neg-
ative log of its significance (from 0.03 to 0.00005). The color of a line shows the lag time (ms
delay) between sites. Note that the anterior midline precentral 1aCz) electrode 1s the focus of all
ZRCs. The patterns are distinctly laterahized according to responding hand. The sign of the aCz
ERCs 1s positive (vellow) for lateral frontal. and negative (tan) for lateral central and antenior
panetal electrodes
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Fig.2a.b. Significant (P <0.05) prestimulus ERC patterns superimposed on maps of Laplacian
CNV amplitude. Same subjects and task as Fig. {. Measurements are from an intervai of 500—
875 ms after the cue tor subsequently accurate and inaccurate nght- (a) and left-hand (b) visuo-
motor task performance by seven right-handed men. The thickness of a covanance line is pro-
portional to its significance {(from 0.05 to 0.005). A violet line indicates the covanance is positive,
while a blue line 1s negative. ERCs involving left frontal and appropriately contralateral central
and panetal electrode sites are prominent in patterns for subsequently accurate performance of
both hands. The magnitude and number of ERCs are greater preceding subsequently inaccurate
left-hand performance by these right-handed subjects. and are more widely distnbuted compared
with the left-hand accurate pattern. For the nght-hand. fewer and weaker ERCs characterize
subsequently 1naccurate performance. The amplitude maps are very similar for the four condi-
tions. and do not indicate any of the specific differences evident in the covanance patterns
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was followed by a visual numenic stimulus (number 1-9) indicating that a pressure
of 0.1 to 0.9 kg should be made with the index finger of the previously indicated
hand. A two-digit number, presented 1 s after the peak of the response pressure,
provided feedback that indicated the subject’s exact pressure. On a random 20%
of the tnals. the stimulus number was slanted in the opposite direction 1o the cue:
subjects were to withhold their responses on these “catch trials.” The next trial
followed | s after disappearance of the feedback. Each subject performed several
hundred trials. with rest breaks as needed.

Twentyv-six channels of EEG data. as well as vertical and horizontal eve move-
ments and flexor digitori muscle activity from both arms. were recorded. All sin-
gle-trial EEG data were screened for eve movement, muscle potential. and other
artifacts. Contaminated data were discarded.

Intervals used for ERC analvsis centered on major event-related potential
peaks. ERCs were computed between each of the 120 pairwise combinations of
the 16 nonperipheral channels. Intervals were set from 300 ms betore the cue to
500 ms after the feedback.

We first calculated the mean error (deviation from the required finger pres-
sure) over all trials from the recording session. Individual trials were then classi-
fied as accurate (trial error less than mean error) or inaccurate (error greater than
medn error).

ERC patterns during a 375-ms interval centered 687 ms postcue (spanning the
late contingent negative variation~CNV), regardless of subsequent accuracy. in-
volved left prefrontal sites, as well as appropriately lateralized central and parietal
sites. Inaccurate performance by the right hand was preceded by a verv simple
pattern (Fig. 2a), while inaccurate performance by the left hand was preceded by
a complex. spatially diffuse pattern {(Fig. 2b). The relative lack of ERCs preceding
inaccurate right-hand performance mav simply reflect inattention on those trials,
while the strong and compiex patterns preceding inaccurate performance with the
left hand may reflect effortful. but inappropriate. preparation by the right-
handed subjects.

ERC patterns related to feedback about accurate and inaccurate per-
formances were similar immediately after the onset of feedback. but began to dif-
ferinaninterval centered at 281 ms. that spanned the early P3 peak (P3E) (Fig. 3).
The ERC patterns for feedback to accurate performance by the two bands were
very similar (bootstrap correlation = 0.91 =0.01). involving midlinc anterocen-
tral. central. anteroparietal. panetal. and antero-occipital sites. left anteroparietal
and anterocentral sites. and nght parietal. anteroparietal. anterocentral. and
frontal sites. These accurate patterns involved manv long-delay (32-79 ms)
ERCs. The waveforms of the frontal and anterocentral sites consistenthv lagged
those of more postenior sites. For feedback to inaccurate performance. patterns
for both hands were also very similar (bootstrap correlation = 0.90+0.02), and
involved most of the same sites as the accurate patterns. with the striking excep-
tion of the left and midline frontal sites. Again. frontal waveforms lagged those
of the more posterior sites with which they covaried. There were even more long-
delay ERCs than in the accurate patterns.

We suggest that our prestimulus ERC patterns characterize a distributed pre-
paratory neural set that is related to the accuracy of subsequent task per-
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electrodes (Fig. !): the midline precentral electrode that overlays the premotor
and supplementary motor cortices was the focus of all movement-related ERC
patterns. and the other most significant ERCs involved pre- and postcentral sites
that were appropnatly contralateral to the responding hand. Moreover. the posi-
tive sign of the ERCs between midline precentral and lateralized precentral sites
and the negative sign between midline precentral and postcentral sites are consis-
tent with the sharply focused current sources and sinks spanning the hand areas
of somatosensory and motor cortices.

While these ERC patterns appear to retlect neatly the functional coordination
of the immediately underlving cortical areas. we must again emphasize that their
actual neural sources are. in fact. not vet known. Some caution should therefore
be exercised in interpreting the patterns too literally.

3 Preparation and Feedback
During Simple Visuomotor Judgment Tasks

3.1 The First Two Experiments

In a series of four experiments. we attempted to characterize distributed networks
of cortical function during simple tasks. In the first experiment (Gevins et al.
1981). we measured event-related cross-correlations between 91 pairwise combi-
nations of recordings from 15 electrodes during performance of two simple tasks.
one requiring a spatial judgment and the other a numeric judgment. A cue before
each tnal indicated the type of task to be performed. The cross-correlation pat-
terns of the two tasks differed during the last 300 ms of the cue interval. These
differences. which included midline frontal. parietal. and occipital electrode sites.
suggested that neural networks associated with preparation were both task spe-
cific and spatially detailed. These “preparutory networks’ were better visualized
in a second experiment. which extracted event-related cross-correlations that dis-
tinguished two similar spatial tasks (Gevins et al. 1983. 1983). Spatiallv distrib-
uted, task-speciiic “preparatory networks™ were found again. This time. the mid-
line frontal (Fz) electrode was the only site that showed a task-dependent differ-
ence dunng the last 300 ms of the cue interval.

3.2 The Third Experiment

We designed a third experiment based on these encouraging results. We wished
to manipulate preparatory sets more explicitly, and 1o investigate feedback about
pertormance accuracy {Gevins et al. 1987. 1989 b). Along with a new experimen-
tal design. we had to develop new signal processing procedures that more robustly
measured event-related covarance between electrode sites.

Seven healthy. nght-handed. male adults participated in this study. A visual
cue, slanted to the night or to the left. prompted the subject to prepare to make
a response pressure with the right or left index finger. One second later, the cue
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Fig.3. Most significant (top two largest standard deviations) early P3 (P3E) feedback ERC pat-
terns for feedback to accurate and inaccurate performance by the right hand. Same subjects and
task as Fig. 1 and 2. Same scale as Fig. 1. Both the ERC» and amplitude maps are denved from
a 187-ms-wide interval. centered at 281 ms after feedback onset. on seven-subject averaged wave-
forms. A major difference between accurate and inaccurate patterns occurs at the left and midline
frontal sites. which are only involved in the inaccurate patterns. The involvement of these sites
may reflect the fact that greater processing is required following inaccurate performance in order
to update the preparatory set for the next tnal

formance. This network appears to involve distinctive cognitive (frontal). integra-
tive-motor (midline precentral). and lateralized somesthetic-motor (central and
parietal) components. The involvement of the left frontal site is consistent with
clinical findings that preparatory sets are synthesized and integrated in prefrontal
cortical areas. and with experimental and clinical evidence indicating involvement
of the left dorsolateral prefrontal cortex in delaved response tasks. A midline
anterocentral integrative motor component is consistent with known involvement
of premotor and supplementary motor areas in initiating motor responses. The
finding of an appropnately lateralized central and parietal component is consis-
tent with evidence from primates and humans for neuronal firing in motor and
SOMatosensory cortices prior to Motor responses.

Since ERC feedback patterns of accurate or inaccurate performance (involv-
ing either hand) were more similar than those between accurate and inaccurate
patterns for one hand. we infer that the feedback patterns were related more 10
performance accuracy than to the hand used. The fact that ERC patterns follow-
ing disconfirming feddback involved more frontal sites than did patterns follow-
ing contirming feedback 1s consistent with the idea that greater resetting of per-
formance-related neural systems is required following disconfirming feedback.
Likewise. the front focus of these differences is consistent with the importance of
the frontal lobes in the integration of sensory and motor activities (Fuster 1984;
Stuss and Benson 1986).
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about 23 200-400 ms intervals spanning each 4- to 6-s task trial. Each trial con-
sists of a cue. stimulus. response. and feedback about performance accuracy: the
intervals are time registered to the evoked potential peaks elicited by these events.
(In February, 19%8. we completed the expansion to 128 channels).

Much of our effort has dealt with developing various spatial and temporal sig-
nal enhancement techniques, of which the method of event-related covanance
(ERCQC) is the latest. This method provides a window. albeit limited. on the dv-
namic functional neural networks which produce simple goal-directed behaviors.
ERCs measure two features of short segments of event-related potentials (ERPs»:
the similarity ot wavetorm and the timing between electrodes. ERC analvsis 1s
based on animal studies which showed that when a brain region becomes involved
in stimulus-related processing, synchronization of a subset of neurons in that re-
gion is manifested as a change in the form of the region’s extracellularly recorded.
low-frequency macropotentials (reviewed 1n Gevins and Bressler). Covanance
and correlation can measure waveform similarity and uming of macropotentials
from different areas of the brain. so these measurement techniques may charac-
terize the spatial organization ot coordinated functional activity of the areas in-
volved in a goal-directed behavior. Of course. recording at the scalp. rather than
within the brain. introduces some complications into this simple idea. Although
for the specific cases we have measured ERCs seem to retlect the coactivation of
underlving cortical areas. the net effect of these complications 1s that we cannot
vet definitively say whether this is true in general. Our current research is focused
on resolving this issue in some important paradigmatic cases.

2.2 Computng Event-Related Covanances (ERCs)

There are ten steps in computing ERCs (Gevins et al. 1987: Gevins and Bressler):
the first four reduce spatial smearing and select intervals and trials that contain
task-related information in order to enhance the signal-to-noise ratio and reduce
the amount of data. The next six steps measure ERCs on bandpass-filtered. en-
hanced averages computed from the reduced data set.

The ten steps involve:

1. Recording at least 10u trials of each task condition of the experiment. using

at least 24 electrodes

2. Applying the Laplacian operator to the potential distribution of each elec-
trode not located at the edge of the scalp. in order to remove the effect of
choice of reference electrode and reduce spatial blur from volume conduction
through the skull and scalp

. Removing data that were contaminated with artifact

4. Finding trials with consistent event-reiated signals. and compuung enhanced
averages from these trials (optional)

.Selecting digital bandpass filters and intervals for analysis by examining
ERPs. amplitude distribution maps. and toptional) Wigner time-frequency
distributions

6. Computing the mululag cross-covariance functions between all pairwise (by

channel) combinations of the interval’s enhanced averages

LI

th
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ing flexor digitori muscle potentials. electrocardiogram. and respiration. Three-
axis magnetic resonance image scans were made of three of the five subjects.

Grand-average (over the five subjects) ERPs were time-locked to the presen-
tation of the numeric stimulus. Spatiotemporal neuroelectric patterns were then
quantified bv measuring ERCs between all 153 pairwise combinations of the 1§
nonpenpheral electrodes in the common subset of 33 channels. ERCs were mea-
sured on the grand-average ERPs across a 300-ms interval. centered 312 ms be-
fore the numenc stimulus. During this interval, subjects were maintaining the last
two visually presented numbers in working memory. and preparing for the next
stimulus.

Complex. but distinct ERC patterns characterized the subsequently accurate
and inaccurate data sets (Fig. 4). The patterns differed both in overall magnitude
(1=3.3.df=48. P<0.01) and in topographic distribution (bootstrap correlation
= 0.37=0.14). the accurate preparation having stronger ERCs overall. Midline
central (607). midline precentral (377). left posteropanetal (257). and right parie-
tal (204) electrodes had the largest summated ERCs in the accurate data set. For
the inaccurate data set. the four iargest summated ERCs were at midline central
(569). midline precentral (392), left frontal (322). and right anterocentral (316).
Deferring discussion of the implications of the shift from posterior to anterior
ERC foci. we note here that the ERC differences preceding accurate and inac-
curate performance of each trial of the visuomotor memory task provide another
example of the importance of task-specific. preparatory cortical networks in cor-
rect action.

4 Conclusions

4.1  Methodological

Event-related covariance analysis seems to represent a useful improvement over
topographic brain electrical activity maps by showing what may prove to be signs
of functional interrelations between areas of the cerebral cortex. Furthermore,
differences between conditions. which are evident in ERC patterns of preparatory
sets. are not apparent on the corresponding topographic maps (Fig. 2) (Gevins et
al. 1989a). In our current research we are trving to determine the distributed
sources in the brain that produce the ERC patterns at the scalp.

4.2 Brain Model

Although 1t is convenient to describe brains using the language of computer
science. our brains are not actually like computers. They are not stimulus-re-
sponse machines that passively await stimuli, process them according io fixed ai-
gorithms. and then make responses. Rather, we know from introspection. obser-
vation. and inference that our brains continuously maintain and update detailed
representations (models) of what we imagine our self- and world-states to be at
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Functional Topography of the Human Brain

A.S. Gevins and S. L. Sressier

To represent the distnbuted corncal network in-
volved in goal-directed beaaviors, it is necessary o
quanuafy event-rejated processing in, s welil as rela-
dons between, :he funclonal centers of the aetwork.
This paper discusses the idea that appropnately
procsssed, scaip-recorded svent-related potennais
can index the acuvity of cortical regions invoived in
cogniuve task performance. [t also presents a set of
procedures, called Event-Reiated Covanance
(ERC. Analysis, that we use (0 measure pagerns of
stapsucal refatonship berween neuroeiectne tme-
series recorded at different scalp sites. Applying
ERC Anaiysis .0 simpie cognitive tasks produced
clear-cut resuits. These were consistent with prior
neuroosychoiogical modeis of the rapidly shiiting
corucal nerwork accompanying cxpeciancy, stmu-
lus registration and f{eamure sxtracon, response
precaration and executon, and “updaung” o {eed-
back about response accuracy.

In studies of higher cognitve funcdons of the
human brain, there curready is a renaissance
of interest in measuring spatial aspecs of
brain acdvity. One sign of this is the reawak-
ened concsm with dipole source localization
in the brain. Yee, if this resurgeace is to flour-
ish, 3dvancss in psychopnysiology and the
technoiogies of brain signal measurement and
anaiysis wiil have to be utilized with a more
sopnisticated approach. While the localizaton
of singie equivaient-dipole generators may be
quite informauve in he case of sensory and
motor events, it is of dubious uulity in the
case of higher cognitive processes. [n facy, it is
weil known f{rom clinical studies that zvea
simple cognitive {unctions must require inte-
grated processing in 1 network invoiving a
numper of distnbuted, specialized cortical
areas (Mesulam. 1981). So, although it is con-
venient, it may not aiways be 1 good idea to

9

compact all the data into 2 singie squivalent
dipoie.

Rather, it seems mare desirabie 0 charac-
terize the dynamic topology of this distibuted
networX 10 determine which areas are acuive at
any insaant of time and wiich areas are stans-
deaily related to each other. This is in idea
that has been evoiving over the past four dec-
ades (Walter & Shipton, 1951; Barfow & Braz-
ier, 1954, Adey et ai, 1961: John ez al, 1973:
Cailaway & Hams, 1974; ULivanov, 1977:
Tucker et al., 1986: Gevins et al., 1981, 1983,
1987; Gevins, 1987a; Bressler, 1987a,b). Qur
current approach is based on the hypothesis
that when regions of the brain are functionaily
telated, their event-related potendal (ERP)
components are reiated in shape and line up
in tme, pertaps with some deiay. The idea is
that the ERP waveform deiineates the course
of eveat-related mass neural acuvity of a pop-
ulation. so that if two popuiadons are {unc-
donally related, their ERPs shouid line up. If
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30, and if the relations are linear, this couid be
measured by computing the iagged covariance
berween the ERPs, or portions of the ERPs,
from different regions—a measure we call
event-related covariances (ERCs). As we shall
see later, initial results of this approach have
been quite promising. We must caution, how-
ever, that the hypothesis that ERCs measure
funciional relationships between cortcal
areas nas not yet been proven.

The measurement of SRCs is part of a set
of signal procsssing procedures cailed “Neu-
rocognitive Partern Anaiysis™ (NCP Analysis)
that ~e have developed to extract task-related
spatiotemporal patterns {rom the unrelated
eleczrical acavity of the brain (Figure 1). In
the past 10 years, these proczdures have be-
come increasingly sophisticated as the capa-
bilities of computers have expanded. They
now measure spatotemporal task-related pro-
cesses {rom up to 64 scaip elecrodes in each
of up to 25 fracdon-of-a-second intervais
spanning a 4—-6 second period extending from
before a cue, through sumulus and respoase,
to presentagon of fesdback about perform-
ance accuracy. This paper describes iirst the
basis for our approach (0 characterizing the
furictional topograpily of the brain, and then
the current state of procsdures that we are
developing to carry out that charactenization.

Neurophysicicgical Basis
for the Measurement
of Functional Topography

The representation of neocartex as a distrib-
uted neural nerwork of interaciing functional
centers is a legacy of the Sherringtonian tradi-
ton (Sherrington. 1906). The pioneering work
of Freeman (1975) has been crucial in recon-
ciling this traditonal view with more recent
concepts af neurai nerworks of individual
neurons, by redeiining the functonal cemter
as a1 cooperauve domain of interconnected
neuronal popuiations, rather than simply an
“anatomical pooi of neurons. Freeman has
demonstrated a systemauc order between
pulse probaoiiities of individual ncurons and
macroscopic forms of cooperative neurai ac-
tivity (macropotenuais), snowing that maco-

potendals reflect the emergence of dynamic
seif-organizing arder in neuronal populadons,
lasting from teas to hundreds of miiliseconds
(Freeman, 1987). These ideas are consistent
with the findings of Eiul (1972), who con-
cduded thar sxtraceilularly recorded cortcai
macropotentials resuit {rom summaton of
dendritic activity of the synchronized poruon
of a neuronal popuiation, and of Peische <t al.
{1984), who demonstrated the importance of
the ciose relation between macropotentiais
and local cortical architeczonics.

In laying the foundaton for the conceot of
distributed cordcal nerworks, studies on the
emergent nature of macropotentials have been
compiemented bv animal sxperiments focus-
ing on fleld potenuali co-syncaronizauon
(Adey et al., 1961; Boudreau, 1966: Livanov,
1977). Dumenko (1970) found in dogs that
carreiation between extraceilular potentals of
visual and mator cortices increased with con-
ditioning (0 a visual sumulus and was highet
at the time of the conditioned stimuius and re-
sponse. The finding that high correiation was
specific to particular regions of motor and vi-
suai cortices was simiiar (o the observavon of
Bressier (1987a,b) that high correlanon be-
tween olfactory bulb and cortex in rabbits was
specific to particular regions of each. Mea-
sures of similarity between fieid potenuais
have also been appiied o averaged event-
reiated potendals. John et al. (1973) measured
the reiatedness of waveforms recorded ‘rom
different conditioned responses and demon-
strated diiTerennal generaiizagon of aeurai ac-
aviry based on waveform similanty.

Given :his view of distributed {uncuonal
cortical nsrworks, and given the sensiuvity of
ERPs to rapid changes in brain state 1sso-
ciated with performance of compiex bedav-
ioral tasks, we hypothesize that appropnateiy
processed ERPs may reflect the actvanon of
rapidly-shifting, widely distnbuted {unctional
aggregates of underiying necuronal popula-
tons. [n the tradidon of Lashley (1958) and
John (1967), we have sougnt to charactenze
the “funcuonal topoerarny” of distmbuted
cortical nerworks by looking for cansistent
statistical refations between iieid potentais
recorded over different areas of ¢coriex dunng
performance of hignhly controiled cogmuve
tasks.
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Figure {. ADIEEG-1V system [or quantification of event-refated brain signais. Separate subsystems perform
on-iine expenmentai controf and data cotlection, data seiecion ana svaluatioun, signal processing and pat-
tern recogmtion. Current capaaty is 128 channeis. Sphencu-head spatial debiurnng moduies have been
impliemented, and muitipie source modeiing aigornthms are being deveioped. Digital tapes of magnenc reso-
nance images or of elecrropaysiological data (rom other laboratones are converted into the ADIEEG daa
formac using gateway programs: they are then processed using Lie same program modules as dama coilected
in the EEC Systems Laboratory. (adaoted {rom Gevins, (987¢;
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CLASSIFIER-DIRECTED ARTIFACT DETECTION
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Figure 2. Classifier-directed artifact detection. A system consisting of five parailel detectors is used to find
contaminants. Three of the detectors incorporate layered-network cassifiers to choose and weigh feamre
combinatons. [n this way, 3 precise automated procedure repiaces sole reliance on ad hoc waveform detec-
tors and manuaily set thresnoids. (adapted {rom Gevins & Morgan, 1986)

In practice, we have measured timeseries
covariances (formerly correiations) between
scalp potentiais from pairs of channels, either
on sets of single-trial data (Gevins et al., 1981,
1983, 1985), or on enhanced filtered averages
(Gevins et ai, 1987, submicted ab, in prep).
The resuits provide interesting new informa-
tion about brain function, and suggest that
these measures are worth further deveiop-
ment. The scalp patterns we have measured
have been consistent with the known fumc-
tional neuroanatomy of the cerebrai cortex, as
determined irom other lines of evidence. As

predicted by neurvanatomical theory and din-
ical neuropsychoiogical studies, ERC panerns
corresponding to visual stimuius processing
involved posterior sites that led anterior parie-
tal sites and premotor sites, and ERC paterns
at the dme of a finger pressure invoived the
midline precentrai eiectrode that overlies the
premotor and suppiementary motor cortices.
Although the probiem of identifying the gen-
erators of these panterns is the focus of current
research, it has not yet been soived. However,
the tendency of the scalp sites invoived in
these patterns to be spataily separated, with-
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out intervening sites, seems to rule out vol-
ume-conduczed activity from just one or two
cortical or subcortical generators.

Procedures for Measurement
ot Functional Topography

Current Computer Systam

The current computer system is a 32-bit mui-
tiprocsssor system with 3 computing modes, a
12-MFLOP (loating point capability and a
3500 megabyte on-iine disk capacity. The cur-
rent data acquisition system is capable of sam-
pling up to 156 channeis at up to 2 kHz sam-
pling rates per channel. (Current ampiifica-
ton capabilities are 128 channeis.) Trial pres-
entauon, which is performed by a PC con-
troiled by the host computer, is automarcaily
delayed untl eye biinks, ampliifier seming
from eye blinks. and gross body movements
have ail died down. Up to 70 channels of
EEG and non-EEG channeis are monitored at
a time on a color graphics screen for electrode
probiems. Other channels are bank-switchable
to the monitor. Averages can aiso be viewed
on-iine to check for event-registered artifacts.
Artfacts such is eye movement and muscle
potential contamination are automatically
marked by multiple, layered-aetwork pattern
classification programs (Figure 2} (Gevins &
Maorgan, 1986).

Spatiai Sampiing

The use of 64 scalp channels provides uniform
scaip caverage with an interelectrode distance
of about 3.5 cm on a rypical adult head. Fig-
ure 3 silows a subject wearing a sirerchable
64-channel EEG recording cap. The efec-
trodes are placed on the cap according to an
expanded version of the 10-20 system (Figure
4).

We are currenty extending EEG record-
ings 0 128 channeis with interelecrode dis-
tances of about 2.25 cm. The desirability of re-
cording {rom so maay sites is evident since
regional cereprat blood flow studies suggest
that ~:orucal fieids™ of 1=3 square centume-

Figare 3. Subject wearing 64 chamnel EEG <p.
(adapted from Gevins, 1988)

Figure 4. Expanded 10-20 systemy of’ elecrode posi-
tion nomenclarure, Additionat coronal rows of eiec-
trodes interpoiated between the [ntermational 10-20
System coronal rows have the lezzer “a2” for “inte-
rior” added to the designation for the next raw post-
erior, &g, aPz for antenor parietal mndline ectec-
tode. With 64 eiectrodes, the average distance be.
rween ciectrodes is about 325 am. (adapted from
Gevins, 1987¢)
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ters are aczivated during a wide variety of cog-
nitive tasks (Roland, 1985a.b). Yet, while the
possibility of extracting more detailed spaual
information has been clearly demonstrated
with the MEG (see Williamson & Kaufman,
1987 for discussion and bibliography), it is not
widely appreciated that such information can
be opbuained [rom appropnately processed
EEGs. Examinaton of spatial specira has
shown that, if informaton is availabie {rom
the entirery of an adult’s scalp, adegquate sam-
pling would require more than 128 elecirodes
at = cm intervals (Gevins, 1988).

In Figure §, we can see the effect of an in-
creasing aumber of EZG electrodes on the
electric fleid distmbuton of a right index fin-

ger flexion. Note the false impression of local-
ization with 16 electrodes, and the correct ap-
pearance of a left centrai focus with 27 and 51
eiecirodes. Although thers is much curremt
discussion about what form of interpoiation is
best to use in making coiored EEG potenual
maps, it would seem that the more compelling
issue is the need for more efectrodes.

Refecting Artifac:-Contaminsted EEG
Signals

An interactive graphics trial editing program
is used by an operator 10 check the decisions
of the automatic artifac: detectors (Gevins &
Morgan, 1986). In pracucs, sditors have be-
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Figure 5. Movement-locked average ERPs at 78 ms after start of right-index-iinger flexion, recorded against
a linked-ears reference with (A) 16 channeis, (B) 27 channets, (O 51 channeis and (D) arter aoplicanon ot a
Lavliacian operanon to the 51 channet ERPs. There is a false locatization with 16 caannets due 1o nswili-
Gent spauai samoting. The 27- and S1-channe! ERP recordings show the true potential distnoution with in-
reasing resoluuon. improvement in topographic iocajizanion with the Lapiacan is seif-evident (adapted

from Gevins, :988)
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come sufficiendy skilled t0 check the singie
trials of a 64-channei recording in roughly
twice the time that it takes to run the experi-
ment. Algorithms are under deveiopment to
recover (rials with non-saruratng artifacts.
Eye blinks or sye movements, for example,
can be removed using least squares noise Qan-
ceilauon, given EOG reference clectrodes
near the ¢yes.

Finding Triais with Discamibie Evem-Aelated
Signais

We have develaped a simple method for find-
ing trials with eveat-related signals which
does not assume that event-related signais are
discemnibie in every trial, and which has mini-
mai assumptions about the stavsical propert-
ies of signal and noise (Gevins, 1984; Gevins
et al, 1986). This method is useful for increas-
ing the signal-to-noise ratio of average ERPs,
and for accentuating the differences between
averages {rom two conditions having subtle
cognitive differences. However, it is not an es-
sential step when these beneflts are not re-
quired. First, a2 mild lowpass {ilter is applied
(3dB point at 14 Hz and 20dB down at
32 Hz) and the data, originally sampied at
128 Hz, are decimated by a factor of 3 digitz-
ing points. Thexn, 2 “noise” set is formed, com-
posed of segments of single wiais for each
channel that are randomiy timed with respect
to sumulus and response events. The number
of points in each segment corresponds to that
of the ERP interval to be investigated, typi-
caily 3 decimated points for a 125 ms interval.

The aruficially-formed “aoise” data set is
then compared with sets of singie trial seg-
ments which are properly ume-registered to
stimulus or response svents. This comparison
produces ecguations characterizing the event-
refated signal and determines a list of miais
with detectable svent-ceiated signals. A pat-
tern classification aigorithm construcas the
equations that discriminate between sets of
singie-trial event-related and noise segments
for each channel. The eguations consist of
weighted comoinations of the filtered and de-
cmated waveform amplitude vaiues within
the intervai. Three [eave-gut-one-third-of-ihe-
triais validations are used, and ‘he average
test-set classification is compared with the bi-

nomiai distribution for significance. If the
equarions are significant on validation data, a
consistent event-related signai has been found
in many of the mials. ERPs that are averaged
over these selected trials are called “en-
hanced™ averages, because the signal charac-
teristics have been accentuated (Figure 6).

Controiling for /rrelevant Setween-Condition
Yariables

In comparin~ data {rom two conditions, it is
important to balance the two data sets for
stimuius-, response-, or performance-related
variadbies that have differencss unreiated 0
the intended comparison. For each berween-
condition comparison, the two sets of event-
related, signal-beaning tiais are stanstcaily
balanczd for sach subject by efiminating tials
that have outlying values for these irreievant
variables (Gevins et al, 1981, 1983, 1985,
1987, submirted a.b, in prep).

First, a program automaticaily caiculates
the largest subset of trials that behavioraily
baiance the two conditions being compared.
for a requested subset of behavicral variables.
The set of about S0 behavioral variables in-
cludes response time, pressure, velocity, accei-
eration, duration and error, as weil as stimuius
parameters. indices of muscie activity and
“arousal” (integrated energy in the Pz elec-
trode, computed in S00-ms epochs before and
after the onset of sach event). This is {ollowed
by an interactive program that dispiays the
means, Student’s t-tests and histograms of the
requested variables using a conveanient, win-
dow-oriented user interface It is used to
check the auromatic spiit of the disuibutons
and to allow their correction if necessary. Be-
tween-condition balance is achieved when
Studear’s t for each behavioral variabie of
comparison has a significance of p < 0.2

Reducing 8lur Distortion at the Scalp

Because potentiais generated by sources in the
brain are volume conducted through. brain,
cerebrospinal fluid, skull and scalp to the re-
cording eiectrodes, potentials from a locaiized
source are spread over a considerable area of
scalp. Potentiais measured at a scaip site thus
represent the summauen of signais {rom maay
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ORIGINAL AVERAG:S
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Figure 6 Use of panern recognition analysis o re-
move trials without detectabie task-reiated signals
from a set of single-triai ERPs. This resuits in an av-
erage ERP with a higher signai-<o-acise ratio ob-
tained from fewer uizis. (A) An onginal average
ERP formed from 483 presentations of 2 visual nu-
meric stimuius. (B) Average of 336 trials with con-
sistent evemt-reiated signals in the P3 interval Triais
were selected from the original set of 483 by appiy-
ing a panemn recognition aigorithm to distingnish a
250 ms, P3 timesenes segment {rom 3 pre-cue “Yase-
line™ segment. Note the greatly increxsed size of the
event-related peaks and lower frequeacy wave
forms. (C, Average of 147 triais which did aot have
consistent cvent-reiated signais in the P3 interval
Note the relatrve lack of event-reiated activity in the
P3 interval. (adapted from Gevins et al., 1986)

sources over much of the brain. (In the con-
text of a 4-shell spherical head model, we
have estimated the amount of spread, the
“point spread,” for a radial equivaient dipoie
source in the cortex to be about 2.5 cm—~Doyle
& Gevins, 1986). This spatial low-pass blur-
ring makes source localization difficuit, even
far nearby corucal sourcss, and causes the po-
tengals from local sources to be mixed with
those from more distant generators. By model-
ing the tssues between drain and scalp as sur-
faces with difTerent thicknesses and resis-
tances, we can perform a debdiurring operation
that, in principie, makes the potenual appear
as it would if it were recorded just above the
level of the brain surface. This operation can
be performed without imposing assumptions
as to the actual (cortical or sudcorucal) source
locations. The deblurring, however, requires
detailed modeling of the ussues, which is a
great deal of work when the exact shape of the
head is taken into account, Furthermore, there
is as vet no good soiution (o the probiem of
precisely estimating the local resistances of
skuil and scalp. Whea the EEG scaip eleco-
des are no closer together than about
2.5=3.0 cm, a simpier, modei-{res dediuming
mezhod provides resuits comparable o the
more compiex procedure.

This simpler technique, cailed the Lapia-
cian operator, coasists of computng the sec-
ond derivative in space of the potennal fieid
at zach elecrode. This converts the potental
into a quantity proportionai 1o the current en-
tering and leaving the scalp at =ach elecrode
site, and eliminates the e:Tect of the refereacs
eleczrode used during recording. An approxi-
mation to the Laplacian. introduced by Hjorth
(1975, 1980), assumes that elecrodes are equi-
distant and at right angies t0 each other. Al-
though this approximaton is fairly good for
eiectrodes near the midline, such as Cz, it be-
comes increasingly poor at the periphery. An
optmal estimate of the Lapiacian requires
precise knowledge of the ciectrode positions
in three dimensions, information which can be
obtained by direc: measurements from the
head (Greer & Gevins, in prep). A Droperly
computed Laolacian operator can produce 2
dramatic improvement in the spatal topogra-
phic deuail of ERP components :see Figure
D).
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Choosing Filters and Analysis Windows with
Wigner Time-Frequency Oistributions

The ERP waveform is a function of time and
does not provide explicit frequency informa-
tion. Yet, the instantaneous {requency is not
constant for different ERP components. For
each component, the instantaneous {requency
must be determined o isolate that component
with digital filtering, and the duration over
which that {requency is stable must be deter-
mined to define the length of the analysis in-
terval. Power specira of ERP waveforms pro-
vide {requency information but obscure time-
dependent phenomena. A view of the spec-
trum as it changed gver time would give 2 new
view of the evoiution of differeat frequency
components of the ERP. A simpie but inefTec-
dve approach would be to compute the spec-
trum over highly overlapped windows of the
average ERP. A preferable metnod is 10 com-
pute a general function of time and frequency,
cailed the Wigner Dismbuton, which approx-
imates the instantanecus energy for a given
time and frequency. In practics, enhanced
ERPs show sutrong enough energy “peaks” in
the Wigner Distribution that very simpie inter-
pretations of the time and frequency locarions
of signal energy are valid (Morgan & Gevins,
1986: Figure 7). From visual inspection of
Wigner Disuributions, it is a simple matter o
specify digital Tlter characteristics that pro-
duce optimai time-{requency resoluton for a
given ERP compoanent, and to determine the
frequency-stable interval for that component
This procsdure nesd not be impiemented for
eacl experiment. For exampie, a fiiter and in-
terval defined for the N100 in one experiment
may be suiTicient for analyzing the N100 in
another expenment.

Computing Event-Related Covariances
(ERC3) Satween Channeis

To summarize, these preliminary steps are fol-
lowed besore computing ERCs:

1. Record a surficient amount of data using as
many eiectrodes as possibie.

2. Remove data with artifact contamination.

3. Find tnals with consisteat event-refated sig-
nals (opuonai).

4. Select the pair of conditions (o be com-
pared, and eliminate trials with exweme
values of behavioral variables to obein be-
haviarally balanced triai sets.

5. Apply the Laplacian operator to the poten-
dal distnbudon of each aon-peripheral
scalp eiectrode location,

6. Compute Wigner Distribution on average
ERP /optonal) and determine digital filter
characteristics and analysis intervais.

Oance the data sets have besny prepared in
this way, the next step is t0 compute the en-
hanced, fiitered and decimated, averaged La-
placian ERP for each condition. Then, muiti-
lag crosscovariance functions are computed
berwesn all pairwise channe! combinations of
these averaged ERPs in cach seieczad analysis
window. The magnitude of the maximum
value of the crosscovariance functon and its
lag time are the fearures used (0 characterize
the ERC. The covariance anaiysis interval is
the width of one period of the band-ceater fre-
quency of each filter. Down-sampling factors
are determined by ihe 10 dB rejecdon point,
and the covariance {unction is computed up to
a lag-time of ome-haif period of the high fre-
Quency for each band. For sxampie, we often
use a fiiter vith 3 dB cutoffs at 4 and 7 Hz,
and with 20 dB attenuation at 1.5 and 9.5 Hz.
The filtered tmeseries are decimated from
128 Hz 10 21 Hz for each covariancs calcula-
tion. Covariance is estimated over a 187-ms
window, which corresponds :0 ane period of a
5.5 Hz sinusoid. Each window is lagged by up
to § lags at the original undecimated sampling
rate, i.e, 1/128 s per lag.

Estimating the significance of ERCs re-
quires an estimate of the standard deviation of
the “noise” ERC. First, random intervais in
cach singie mial of the ensembie are averaged.
Then., ERC analysis is performed on a filtered
and decimated version of the resulting “noise”
averages, vielding a disoibution of “noise”
ERCs. Because of the large aumber of chan-
flel pairs, some spurious significant covar-
iances may be found. Therecore. the threshoild
for significance is reduced aczording ‘o the di-
mensionality of the datz with Duncan’s cor-
rection procedure. The number of caanneis is
used as a conservative esumate of the qumber
of independent dimensions. The most signifi-
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MOVE Fz

Figure 7. Two representations of eight sverage ERP channeis for “move” and “no-move™ cognitive tasiks.
The view is of the top of the head, with the nose 31 th= top of each set of eight channeis. (A) Average time-
sertes of 40 no-mave and 37 move triais. Three of the most commonly studied ERP peaks N1, P2, P3 are

indicated on the Pz channet of the no-move task. Of these, the P3 peak is larger in the infrequently occar-
ring no-move trials.
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(B) The pseudo-Wigner distribution of the anaiytic signai of the same dara. This representation shows that
the event-refated processes are changing rapidly in both time and {requency. The {irst moment along the
time axis for cach frequency is the group deiay, while the (irst moment along the frequency axis is the in-
stantaneous {requency. There is 2 buildup in energy after the stimulus, and a general increase in frequency
untsl the energy concentration berween the time of the N1 and P2 peaks begins to fail oiT (most prominent
in the Pz ciannet). Then there is a giide down in {requency in the no-move task (most promnent in the Pz
and a0z channels), which cuiminates in 2 conceatranon of energy around the nme of the P3 peak. (adapted
from Gevins (984)




110

A.S.Cevins and S. L. Bressler

cant ERCs in ecach interval are graphed (Fig-
ure 8).

To compare ERC maps between condi-
tons, the differences in means of significant
ERCs berween conditions are tested with an
ANOVA and post-hoc t-tests. The similanity
between two muitivariate ERC maps is mea-
sured with an esumate of the correlation be-
twesn them. The estimarte comes from a dismi-
bution-independent “bootstrap™ Mante Cario
procedure (Efron, 197Q), which generates an
ensemole of correlation values {rom randomiy
selected choices of the repeated measures.
This also yields a confidence intervai for the
estimates.

Valldsting Significance of ERCs

We test the berween-subjext variability of
ERC panems by determining whether each
pair of experimental conditions of a particular
subject can be distinguished using discrimi-
nating squations generated on the other sub-
jects. Likewise, we determine within-subject
reiiabiiity by aremprting to disciminate the
experimental conditons for sach session us-
ing equatons geaerated on that subject’s
other sessions. These tests are performed on
sets of single trials (0 quantify the extent to
which the condition-specific patterns from the
ERC analysis of the average ERPs are observ-
able in cach wial. Although this procezdure
couid be done with any type of discriminant
analysis, we have developed the use of distn-
bution-independent, “neural network™ pattern
classification aigorithms {or this purpose (Ge-
vins et al., 1979a.b.c, 1981, 1983, 1985, 1986,
1987; Gevins & Morgan, 1986: Gevins, 1980,
1984, 1987b). We have shown that this method
has better sensitivity and specificity than step-
wise or full-mode! linear or quadratic diser-
minant analysis (Gevins, 1980). The patten
recognition approach has the advantage of
testing how well a subject’s individual uiais
conform to those of the group in discriminat-
ing two behaviorai conditions of interest. In
the same way, the riais of each session of a
subject are tested by conformirty to triais from
the other sessions of that subject. Regquiring
trial-bv-irial discriminability is a strict condi-
tion or deciding >erween-subject variability
and within-subject refiabtiicy.
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Figure 8. Schemarc diagram showing the reiaton-
ship of an event-refated covariance (ERC, line on a
top-view of a model head (left) 0 the theta-band-{il-
tered, averaged cvent-related Lapiacan denvatuon
waveforms (right). ERCs were computed over the
indicated 187-ms analysis interval {rom the 2Pz and
2Cz electrode sites. The width of an ERC line indi-
cates the sigmiicance of the covariance berween two
waveforms, with the scale appearing above the word
“significance.” The color of the iine indicates the
ume delay in ms (lag ume of maximum covanance)
as shown in the scale abave ~ms deiay.” The color
of the arrow indicates the sign of the covariance
(same color as line = positive: skin color = nega-
tve). The arrow points {rom leading to lagging
chanped, uniess there is no delay, in which case a
bar is shown. The «variance berween aPz and aCz
is significant at p < 10=%.The aPz waveform leads
the aCz waveform by about 16—31 ms (green line),
and the covariance is positive (arrow also green).
(from Gevins et ai., suomitted a)

Each subject’s classification yieids a score,
which is the percent of trials that are correctly
classified by the group discriminaton equa-
tions. The score is assessed for significance by
companison to the binomiai distribution (Ge-
vins, 1980). A significant classification score
for 2 subject indicates that the group egua-
tions are successiul in discriminating the two
conditions in his or her trials.

Within-subject (berwesn-session) reiiability
is tested in a similar manner. The tmai set
(consisting of the two conditions) from ecach
of a sudbject’s sessions is tested with equations
deveioped on the trial sers from his or her
other sessions. The singie-triai ERC values
come from channei pairs that are sigmificant
in the ERC partern formed {rom the average




Functional Tapography of the Human Brain

11

aver all his or her sessions. Post-hoc comparis-
ous are valuabie in determining whether ef-
fects of leaming and/or habituation are evi-
dent over sessions, by indicating which ses-
sions are alike, and where transitions occur
berween sessions. ’

Application of ERC Anaiysis
Study of Visuomotor Performance
Procedure (Gevins et al., 1987, submitted a b).

Seven heaithy, right-handed male aduits par-
ticipated in this study. A visual cue, sianted to
the right or 10 the left, indicated to subjects (10
prepare (0 make a response pressure with the
right or lert index finger. One second later, the
cue was {ollowed by a visual numeric stimuius
(numbper [-9) indicating that a pressure of 0.1
t0 0.9 kg shouid be made with the index finger
of the hand indicated by the cue. Feedback in-
dicating the exact response pressure produced
was presented as a two-digit aumber one sec-
ond after the peak of the response pressure.
On a random 20% of the trials, the stimufus
number was slanted opposite w0 that of the
cue, and subjects were to withhold their re-
sponses on these “catch triais.” The next trial
foilowed 1 s after disappearance of the feed-
back. Subjects each pertormed several hunm-
dred trials, with rest breaks as needed.

Twenty-six channeis of EEG data, as weil
as vertical and horizontal eye-movements and
flexor digitori muscie activity from both arms,
were recarded. All singie-tnal EEG dama were
screened for eye movement, muscle potengal
and other arufacts. Contaminated data were
discarded.

[ntervais used for ERC analysis were cen-
tered on major ERP peaks. ERCs were com-
puted between averaged Laplacian ERPs from
each of the 120 pairwise combinations of the
16 nonperipherali channels in intervais from
500 ms before cue to 500 ms after the feed-
back.

Data sets were separated into trials in
which subsequent performance was either ac-
curate or inaccurate. Accurate and inaccurate
performancs tnais were those in which the er-

ror (deviation from required finger pressure)
was less than or greater than, respecuvely, the
mean error over the recording session.

Resuits and Discussion

The ERC pattern for the interval at the peak
of the finger pressure (Figure 9) closely corre-
sponded to prior functional neuroanatomical
knowledge, leading a first level of validaton
for the patterns associated with higher-order
cognidve acuvity. The midline precsntral elec-
trode, overlying the premotor and supplemen-
tary motor cortex, was the focus of ail move-
ment-reiated patterns, and the patterns for the
two hands were appropriately lateralized,
clearly retflecting the sharply focused current
sources and sinks spanning the hand areas of
motor cortex.

ERC patterns during a 375-ms interval cen-
tered 687-ms post-cue (spanning the late Con-
tingent Negative Variation: CNV) were dis-
dnct from those reiated to overt finger re-
sponses. The pattern associated with subse-
qQuendy accurate right-hand performance in-
volved predominandy left hemisphere sites,
particulariy left fromtal and appropriately la-

Figure 9. Most significant (top standard deviation)
ERC patterns at the peak of the finger pressure for
right and 'eft hand trais {rom seven peoote, super-
imposed on maos of Laplacian response potenual
amotituge. Note that the anterior midline precenoal
(aC2) ciectrode s the focus of ail covanances, with
1631 ms time deiays between aCz and Fz. The pat-
terns are disunculy iateralized according to respond-
ing hand. The sign of the aCz covanances is positive
for laterat frontal. and negauve for laterai central
and antentor panetal elecirodes.
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teralized central and parnetal sites (Figure
10A). The partern preceding accurate left-
hand performance invoived predominantly
right hemisphere sites, in addition to the left
frontal site. Inaccurate performance by the
right hand (Figure 10B) was preceded by a
highly simplified partern, while inaccurate
performance by the left hand was preceded by
a compiex, spaually diffuse partern.

When the tiais of each of the 7 subjects
were classified by equatons deveioped on the
trials of the other 6 subjects, the overail dis-
crimination was 59% (p < 0.01) for right hand
and 57% (p < 0.01) for left-hand perform-
ance. For the subject with the most trials, aver-
age classification of 638% (p < .001) for subse-
quent rignt- and 62% (p < .01) for subsequent
left-hand perforrnances was achieved by test-
ing a separate equation on each fifth of his mi-
ais, formed from the other four-{ifths.

We suggest that our pre-sumuilus ERC pat-
terns chamacterize a distributed preparatory
neural set reiated to the accuracy of subse-
quent task performance. This set appears (o
invoive distincive cognitive (frontal), integra-
tive-motor and lateralized somesthetic-motor
components. The involvement of the lest-{ron-
tal site is consistent with clinical findings that

preparatory sets are synthesized and integra-
ted in prefrontal cortical areas, and with ex-
perimental and clinical evidence indicatng in-
voivement of the left dorsolateral prefrontal
cortex in delayed response tasks. A midline
precentral integrative motor componeant is
consistent with known invoivement of premo-
tor and suppiementary motor areas in imtiat-
ing motor responses. The finding of approon-
atejy lateralized central and parictal compo-
nents is consistent with evideacs from pn-
mates and humans for neurcnal firing in mo-
tor and somatosensory cortices prior 10 motor
responses.

Study of Inciplent Fatigue
Procedure (Gevins ¢t al., in prep)

After learning and pracucing a bauery of
tasks uptl their performance was stable on
one day, each of (ive right-handed, healthy
male subjects returned to the laboratory the
next morning and performed the tasks for
about 6 hours. Following a dinner break, they
resumed task performance for an additonal 6
to 3 hours.

Flgure 10. View of the sigmficant (p < 0.05) Contingent Negauve Variation (CNV) ERC panterns, supenm-
posed on a mid-sagittal Magneuc Resonance Image of a subject’s Canium. Measurements are from ag inter-
val 500 to 375 ms after the cue . ur subsequently accurate (A) and inaccurate (B) rignt-hand visuomotor task
performance by seven ngit-nanded men. The thickness of an ZRC liae is proporuonal to its sigmficance
(from .05 t0 .005). A yellow line indicates the ERC is positive, ‘while a red line is negative. Covanances in-
voiving left frontai (F3), lest central (C3), left panictal (P3), and left antero-panetal (aP1) electrode sites, ail
contraiateral to the subsequently responding hand. are the most prominent sites in the partern [or subse-
quently accurate performance. Only (wo covanances characiertze sudsequently inaccurate performance: left
frontai (F3) with left zanetai (P3), and left frontal with {eft antero-panetal (aP!) sites.
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There were four tasks in the battery, inciud-
ing easy and difficuit continuous and discrete
visuomotor tracking tasks, a simple numeric
memory task, and a difficult visuomotor mem-
ory task (YMMT). Since we expected that
early neural signs of fatigue would be most
evident during demanding tasks, we analyzed
the YMMT first. This task required subjects o0
remember two continuously changing aum-
bers, in the presences of aumeric distractors, in
order to produce precise finger pressures.
Each trial consisted of a warming symbol fol-
lowed by a single-digit visual sumuius to be
remembered, foilowed by the subject’s finger-
pressure response to the sumulus aumber pre-
sented two trials earlier, foilowed by a 2-digit
fesdback number indicadng the accuracy of
the response. For exampie, if the sumulus
numbers in !ive successive trials were 8, 6, 1,
9. 4, the correct response would be a pressure
of 0.8 kg when seeing the 1, 0.6 kg for the 9,
and 0.1 kg for the 4. To increase the task difTi-
culty, subjects were required to withhold their
response on a random 20% of the trials. These
“no-response carch triais™ were trials in which
the current stimulus number was identicai to
the stimulus two trials eariier.

Trials early in the recording session with
accurate finger pressures formed the “Alert”
data set. Trials from esarly in the eveming,
when performance was just starting to decline,
formed the “Incipieat Fatigue™ data set. For
each subjecy, mials with relatvely inaccurate
responses were then deleted from the Incipi-
eat Fatigue data set so that the final Alert and
Incipieat Fatigue data sets consisted of trials
with equivaleaty accurate performance. This
crocial step ailowed measurement of neuro-
electric parterns associated with incipient fa-
tigue while controlling for thase due to van-
adogs in performance accuracy.

EEGs were recorded with either 33 or 51
channeis with a2 nylon mesh cap. Verticai and
honzontal eye movements were aiso recorded,
as were the responding flexor digitori muscie
potennals, siectrocardiogram and respiranon.
Three-axis Magnetic Resonance [mage scans
were made of 3 of the § subjects.

Grand-average (over the five pilots) ERPs
were time-locked (0 presentation of the nu-
Meric sumuius. [acpient-Faugue ERPs were
suotracted irom Alert ZRPs in order to hign-

light changes due to fatigue. Spatioctemporal
neurcelectric paterns were then quantified by
measuring ERCs between all 153 pairwise
combinations of the 18 noaperipheral cleciro-
des. ERCs were measured across brief seg-
ments of grand-average Alert-minus-incpi-
ent-Farigue subtraction ERPs. The first ERC
interval was 500 ms wide and was ceatered
312 ms before the aumeric sadmujus. The aext
two ERC intervals were 187 ms wide and were
positoned with respec 10 the N125 peak ei-
icited by the numeric sumuius, and the P380
ERP peak elicited by the infrequent, no-re-
sponse carch-trial sumuii.

Resuits and Discussion

A number of significant Alert-minus-Incipi-
ent-Fatigue EZRCs were found during the
500-ms prestimulus interval Significance was
determined by comparison to a distribudon of
“noise™ ERCs, and corrected with Duncan’s
procedure, following the description above
(*Computing Event-Reiated Covariances Be-
tween Cuannels”™). Midline cenrmral, left parie-
tal, left anteroparietal, right anteroparietal
and right posterior pariewmai slectrodes were
the major ERC foci. There were no significant
ERCs in the interval centered at 62 ms post-
samuius. The ERCs computed over the 2380
no-response differeace ERP were focused on
the midline precenrmral, and rigit anterior and
posterior parietal elecodes.

The ERC changes with Indpient Fatigue
suggest that dynamic funcional aeural net-
works associated with speciiic cognitive func-
dons are selectively aifected during early fa-
tgue. During the presumulus interval, when
subjects were maintaiming the last two visually
presented numbers in working memory and
preparing for the next sumuius, ERCs de-
creased in number in the [ncpient Fadgue
condition. The lack of ERC diifferences be-
tweea Alert and Incipient Fatigue conditions
during the interval cemtered at 62 ms suggests
that the “exogenous” stages of visual sumuius
procsssing are relatvely unaifected by eardy
fatigue. However, during the later post-stimu-
lus interval of triais requiring an inhibition of
the response. ERCs again decreased in num-
ber wth [ncpient Faugue.
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The resuits suggest thar although neural
svsiems responsible for primary visual stimu-
lus processing are relatvely ynaffected by In-
cipient Fatigue, cortcal associative areas re-
sponsibie for higher cognitive functions such
as working memory rehearsal, preparation,
and motor inhibition are aitered prior to ap-
preciabie degradauons in performancs.

Conclusions

The idea of distributed processing networks in
the brain has beza weil established in the lit-
erature, dating back to Sherringron. This pow-
erful concept has been under-utilized in neu-
rocognitive studies, perhaps because of the
difficuity of measuring acuvity paterns. Re-
cent attempts at consurucing “parailel disuib-
uted processing™ models of cognition (Rumel-
hart et al., 1986) aim-to derive computanional
principies {rom knowledge of the brain’'s own
distributed processing networks. These efforts
are encouraging, yet they depend on coatn-
ued characterization of those nerworks. Mea-
surement of the dynamic funcdonai topogra-
phy of the brain, the ume-varying stadsacai
relations among the fieid potentizis from a
distributed set of recording sites, is an empiri-
cal means of accompiishing this. It has been
shown that patterns of ecvent-related covar-
iancs, measuring functional topography, are
reiated 0 cognitive processing, and thus may
represent acuve states of a distributed process-
ing network.

At least three major factors have contrio-
uted to our ability to begin characterizing the
funcuonal topography of the human brain
First was the use of sufficienty controiled
cognitive t1asks 1o allow inference of the cogni-
tve processes taking place during brief analy-
sis intervais. Along with this was the produc-
don of computer programs to choose trials
from two experimentai canditions that are bai-
anced for important beaavioral variables. This
facor created the functionai context for topo-
gravhic measurements. Second was the ability
to record from a suicient number of chan-
neis to adequately sampie the availabie re-

cording surface of the head. Indications are
that even with 64 evenly spaced scalp electro-
des, there is potentially more information to
be gained from greater spatial sampling. This
faczor allowed the topography (o be repre-
sented spagally. Third was the appiication of
sophisuicated signal procsssing tecaniques (o
the analysis of event-reiated potentals. This
factor was necessary to appropnateiy measure
the inter-regional relatons compnsing the
funcrional topography.

Neurocognitive Pattern (NC?) Anaiysis
and Event-Related Covariance (ERC) Analy-
sis shouid be distinguished {rom brain ctecini-
@l acuvity maps. which are usuaily coior
topographic dispiays interpoiated {rom 16—20
channels of averaged ERPs or EEG speczra,
or the difference between such measures and
2 set of normatve data. We use more exten-
sive signal processing and pattern recognition
algorithms to reduce volume conducdon ef-
fects and to extract event-ceiated signals from
unreiated background noise of the brain, com-
pute between-channe! ERC panerns, and dis-
piay thexr scaip distribution in 3-D perspecave
graphics of the head and brain. Subde aspecis
of neurocognitve funcdon, such as the mea-
surement of preparatory sets that precede ac-
curate performance, are revealed by these
ERC patterns but are not necessarily apparent
on topographic maps (Gevins et al, submirned
b). ERC Analysis is currenuy undergoing fur-
ther deveiopment. The value of scaip panerns
could be greauy expanded by a more ade-
quate understanding of their sources. The dif-
ficuit probiem of determining the distmbuted
source nerwork in the brain producng the
scaip ERC patterns is ctudal, and is the focus
of our ongoing work.

It is 2 testimony to the ingenuity of cogni-
tive psychoiogists, psychophysiologists, neu-
rologists and psychiatrists that so much has
been [earned about the timing of neurocogni-
tve processes using very modest recording
equipment and analysis technmiques. It is,
therefore, almost certain that when more ad-
vanced recording methods and more powertul
apaiytic toois are widely available, rapid ad-
vances in understanding the neural basis of
human cognitive functions wiil take piace.
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Event-related covariances during a bimanual visuomotor task.
1. Methods and analysis of stimulus- and response-locked data '

A.S. Gevins, S.L. Bressler, N.H. Morgan, B.A. Cutillo. R.M. White,
D.S. Greer and J. Illes

EEG Systems Laborasory, 51 Federal Street, San Francisco, CA 94107 (U.S.4.)

(Accepted for publication: 4 Apnli 1988)

Summary A new method that measures between-channel. event-related covaniances (ERCs) from scalp-recorded brain signals
has been developed. The method was applied to recordings of 26 EEG channeis from 7 right-handed men performing a bimanual
visuomotor judgment task that required fine motor conurol. Covariance and ume-delay measures were derived from pawrs of filtered.
lapiacian-denived. averaged wave forms, which were enhanced by rejecuon of outlving trials, in intervals spanning event-related
potenuai components. Sumulus- and response-locked ERC patterns were consistent with functional neuroanatomical models of
visual sumulus processing and response execution. [n early post-sumuljus intervals, ERC patterns differed according to the physical
properues of the stimulus: in later intervals. the patterns differed according to the subjective interpretaton of the sumulus. The
response-locked ERC patterns suggested 4 major corucal generators for the voluntary fine motor control required by the task: motor.
somesthegic, premotor ind/or suppiementary motor. and .prefroatal. This new method may thus be an advancement toward
characterizing, both spaually and temporally, functional cortical networks in the human brain responsible {or percepton and acuon.

Key words: Event-related covariances; Event-related potentials; Lapiacian derivation; Spatio-temporal maps: N100: P300; Response

potenuals; Functional cortical networks

This study was undertaken to test the hypothe-
sis that human task performance involves coordi-
nated processing of information by different areas
of the brain. Prior studies have shown that when a
brain region becomes involved in a task. some
subset of neurons in that region becomes synchro-
nized. and the synchronization is manifested as a
change in the wave shape of its extracellularly

! A part of the results concerning the covariance pattern of the
response event reported here, has been summarized in Gevins
et al. 1987. This paper presents a detailed descripuon of the
compiete experimental design, the methods of analysis. ERP
and event-related covanance results of ‘exogenous’ and ‘en-
dogenous’ stimulus-iocked data and respounse-locked data. and
a discussion relaung these results to other psychophysiological
research.

Correspondence to: A.S. Gevins, EEG Systems Laboratory,
51 Federal Street, San Francisco, CA 94107 (US.ALL

recorded macropotential (John 1967; Elul 1972;
Freeman and Skarda 1985; Freeman 1987). Low-
frequency components, in particular. have been
shown to be impornant for visuomotor and cogni-
tive tasks (Legewie et al. 1969; Ishihara and Yoshi
1972; Doyle et al. 1974; Komisaruk 1977; Gevins
et al. 1979a.b,c). We hypothesize, therefore. that
during performance of such tasks, coordinated
processing will be reflected in the similarty of
low-frequency potenual wave shape among the
regions involved. Since wave shape similarity of
macropotentials from different areas of the brain
can be measured by covanance and correlation
(reviewed in Gevins 1987; Gevins and Bressler
1988), these techniques can characterize the spa-
tial organization of coordinated low-frequency ac-
uvity.

Both animal and human studies provide further
evidence for this reasoning. Animal studies using

0168-5597,/89,/503.50 © 1989 Elsevier Scientific Publisbers Ireland. Litd.
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behavioral conditioning, for example, have shown
that the functional coordination of neuronal popu-
lations is reflected in the svnchromzaton of their
macropotentials (possibly with time delay) specifi-
cally in the theta (-7 Hz) frequency band (Adey
et al. 1961; Efremova and Trush 1973; Livanov
1977). Dumenko (1970) found that the correlation
between extracellular potentials of visual and mo-
tor cortices in dogs increases with conditioning to
a visual sumulus, and is highest at the ume of the
conditioned stimulus and response. John et al.
(1973) measured the relatedness of wave forms
recorded from multiple brain locations of cats that
were learrung 2 different conditoned responses.
On the basis of wave form simularity, he demon-
strated differential generalizauon oi neural activ-
ity. Bressler (1987) reported that correlauons be-
tween the gamma band of the olfactory bulb and
cortex in rabbits are specific to particular regions
of each.

In studies of human performance. Livanov
(1977) found that correlatuon levels amoang scalp
electrodes were higher during motor and mental
acuvity than dunng rest. Callaway and Harris
(1974) used a mutual information approach to
successfully measure the degree of relatedness be-
tween cortical areas during mental tasks. Qur own
work with human subjects to date has been aimed
at improving the precision of spatial, temporal.
and behavioral measurements by using more mod-
ern recording and signal processing technologies.
In one study (Gevins et al. 1981), distinct, com-
plex, and rapidly changing patterns of evoked
brain potential correlation distinguished sets of
single trnials of several visuomotor tasks that dif-
fered only in type of spatal or numerical judg-
ment. In a later study of a brief spatial judgment
task (Gevins et al. 1983, 1985), the site of maxi-
mum differences between the correlations of re-
sponse and no-response evoked potentials shifted
during sequential stimulus-locked intervals, in a
manner coasistent with neuropsychological mod-
els of the task.

Major methodological improvements over our
previous studies are reported here. More robust
and complete methods for measuring event-re-
lated, between-channel covariation were devel-
oped and applied to discern differences in each

stage of a 4 sec long task. The methods included:
(a) the use of laplacian denivatuons to reduce spa-
ual smearing, (b) rejection of outlying trials by a
pattern classification procedure. (¢) interactive
statistical procedures for adjusting the distribu-
tions of behavioral variables to create highly con-
trolled data sets, and (d) analysis of inter-clec-
trode wave form covariance and ume delay in
oumerous brief intervals.

The task invoived cued preparation, stimulus
evaluation, response execution of precise right-
and left-hand finger pressures. and evaluation of
feedback about response accuracy (Fig. 1). Spaual
patterns of wave form covarnance and timing were
derived from short intervals (Fig. 2) of averaged
event-related potentials recorded from muluple
scalp electrodes. Here we describe our methods
and their applicaton to stimulus- and response-
locked wave forms. averaged across subjects. as a
test of whether they produce results consistent
with functional neuroanatomical models found in
the literature. Part II (Gevins et al. 1989) of this
paper presents the presumulus and feedback-
evoked results.

General methods and materials

Seven male aduits were selected for participa-
tion in this study. All were right-handed according
to the Edinburgh Inventory (Oldfield 1971). None
had any history of psychiatric or neurologic dis-
ease.

Stimuli for this experiment were presented visu-
ally on a Videographics II amber CRT monitor.
placed 70 cm from the subject’s eyes, and sub-
tended a visual angle of <1.5°. Sumuli had a
duration of 315 msec and an illuminadon of 0.3
log fL against a background of —1.5 log fL. One
second before the stimulus appeared. a cue (*V7)
was presented at a fixation point at center screen.
The cue was slanted to the right or left 10 indicate
the responding hand (Fig. 1). In ‘response’ trials
(80%), a stimulus number from 1 t0 9 was pre-
sented, slanted in the same direction as the cue:
the subject was 1o respond quickly with the index
finger of the indicated hand, with a pressure of
0.1-0.9 kg, according to the stimuius number. A
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RIGHT. LEFT INDEX FINGER -PRESSURE TASK

CUE STIMULUS RESPONSE FEEDBACK
GEY HEADY ALQUINED PRESSURE HOW ACCURATE?
FOR LEFT TR AGHT AESPONIE PRQOUCED
EIPONSE 2RE S SLURE

v v RIGHT HAND 2.5
2.5 UNITS

N 3 LEFT HAND 33
33 UNITS

Q 1 1.5 2 k}

Fig. 1. Sequence of events in the bimanual visuomotor task.
The ngnt-cued. right-hand response condiuon 1s shown above.
whule the left-cued. left-hand response condition is shown
below. The abscissa shows ume in seconds. One second follow-
ing a cue 12 slanted letter V™), a slanted 1-digit sumulus was
presented. [f the direction of slant (nght or left) of the sumuius
aumber was the same as the cue, the subject had 1o produce a
precise pressure with his right or left index finger (depending
on the direcuon of siant) n proportion to the magnitude of the
stimulus number. One second following compleuon of the
response, a 2-digit feedback number indicated the finger pres-
sure that the subject actually produced. On a random 20% of
the trials. the stimulus number was slanted in the opposite
direction from the cue {not shown). On those "catch’ tnals, the
subject had to inhibst his finger response.

random 20% of the trials were miscued. In these
‘no-response’ trials, the stimulus was slanted in
the direction opposite to the cue, and the subjec
was to withhold his response. :
As feedback for response trials, a 2-digit score
that indicated the response pressure to a tenth of a
unit, was presented 1 sec after the peak of the
response pressure. Response error was the dif-
ference between the response pressure and the
stimulus number. For each hand, an adaptve er-
ror tolerance was determined as the moving aver-
age of response error for the preceding $ response
trials. If the response error was less than the error
tolerance level, the feedback number was under-
lined to indicate a ‘win’ and the subject earned a
bonus of about 5 cents. This was implemented to
equalize task difficulty across the session and be-
tween hands. and to provide an index of current
performance level for each hand. If response onset
was longer than 1.5 sec the feedback ‘0O’ was
presented. The feedback ‘OK’ was presented 1.5
sec after the stimulus when the subject correctly
withheld his finger response on no-response trials.

A.S. GEVINS ET AL.

If the subject incorrectly responded 10 a miscued
(no-response) stimulus. he received the feedback
*XX' and was penalized 10 cents.

Trials were presented in blocks of 17, with the
task types (right and left. response and no-re-
sponse) randomly ordered. except that the first 2
trials were never ‘no-response’ trials. The subject
initiated a block by pressing a button, and the 17
tnals followed automatcally at 1.5 sec intervals
After each block. a summary of the subject’s aver-
age response accuracy for each hand. the number
of incorrect responses. and the monetarv bonus
eamed appeared on the monitor.

Each subject pracuced the task in a pre-record-
ing session unul his performance error reached an
asymptote. He then performed berween 300 and
1000 trials in a recording session that lasted ap-
proximately 3 h, including short rest peniods. The
adaptve error tolerance, as well as post-hoc proce-
dures described below. were used to control for
learning and faugue.

EEGs from 26 scalp electrodes referenced :0
the mudline antero-parietal (aPz) electrode (placed
halfwav between Pz and Cz), vertical and horizon-
tal eye movements (EOGs), and potentals from
responding flexor digiton muscles (EMGs) re-
corded with bipolar electrodes, were digitized at
128 samples/sec from 0.75 sec before the cue to
1.0 sec after feedback. Approximately 8500 tnals
of data were collected from the 7 subjects and
were ¢dited by 2 independent raters to remove
artifacts evident on EEG, EOG. and EMG poly-
graph channels. Additional trials were eliminated
in which the response was slow, biphasic or de-
layed bevond 1.25 sec, or in which there was some
EMG acuvity in the non-responding hand or in
the cue-to-stimulus epoch. No-response trials with
EMG acuvity were also eliminated.

Analysis

Prior to computation of event-related covan-
ances (ERCs), analytc procedures were emploved
to reduce spatal blurring, to select trials with
consisient event-related signals, and 1o control for
task-irrelevant factors. First, the laplacian oper-
ator was applied to the potentual distribution from
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the electrodes that were not located at the periph-
ery of the scalp. Second. a tnal-selection method
increased the signal-to-noise ratio of the subse-
quent averaged event-related potential (ERP), and
accentuated differences between the pair of condi-
tons to be compared. Third, trials with extreme
behawvioral values were eliminated to obtain behav-
iorally balanced trial sets.

Averaged ERPs were formed from these lapla-
cian. enhanced, balanced trials, then digitally
filtered and appropriately down-sampled. Analysis
windows were selected to span the major ERP
peaks (Fig. 2). Multilag cross-covariance funcuons
were computed berween all pairwise (by channel)
combinations of the averaged ERPs in each
window. The individual steps will now be pre-
sented in detail.

Reducing volume conduction distortion using the
laplacian derivation (LD)

Potenuals which arise from localized sources in
the brain become considerably blurred as they are
volume-conducted through the skuil and scalp.
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Fig. 2. A representauve averaged wave form, from the midline
panetai channel (Pz) of 1 subject, showing the major ERP
components of this task and the corresponding event-related
covanance (ERC) analysis intervals: pre-sumulus CNV, post-
stimulus N1 and P3, response N2R, and feedback P3E and
P3L. The respoase onsets of the individual trials forming the
average vaned, and the average was time-locked to the onset of
the cue: the resulting ume smear attenuated the ERP compo-
nents of the response in this figure. This is also wue for
feedback components, since the feedback was timed to the end
of the response. This was not a problem for the overall
anajysis, since separate response and feedback averages were

computed, time-locked to their respective onsets.
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Consequently. they are considerably spread by the
tume they reach the scalp (Rush and Dnscoll
1969). In order to reduce this smearing and to
remove the effect of the reference electrode. we
used the LD to estimate the current source density
from the scalp potenual distribution. This tech-
nique compensates for the spread of potental and
improves the spatial resolution of scaip-recorded
signals by approximating the local spatial second
derivative of the potental field at a point on the
scalp. This denivative is proportonal to the den-
sity of current exiung or entering the scalp at that
point (Nunez 1981). (Determining the actual cur-
rent would require knowledge of the local resistivi-
ties of CSF, skull. and scalp.)

Hjorth (1975. 1980) onginally proposed a for-
mulation of the LD at a partcular ¢lectrode site
using surround electrodes at hypothetically uni-
form distances and at right angles. Since inter-
electrode distances can vary considerably between
people. we improved the original Hjorth technique
by measuring the distances between clectrodes. as
did Thickbroom et al. (1984), who proposed the
formulation

L3,

JES, Y

1
Z._
jes d;

where (i) is the LD of electrode i, V, is the
voltage at electrode j, d;; is the distance between
electrodes i and j, and S, is the set of electrodes
surrounding eiectrode i. Electrode positions were
measured in 3 dimensions using a 3-D digiuzer
before and after each recording session (Gewins
1988). The distances d; were the ellipsoid arc
lengths between pairs of electrodes. We have re-
cently improved this technique further by using
the exact angles of surround electrodes as well
(Greer and Gevins in prep.).

We excluded the 10 ¢lectrodes at the periphery
of the recording montage from further analysis
because there was inadequate sampling of the
surrounding potenual at these sites. (Representa-
ton of the spatial second derivative of potential at
a point depends on measurement of the change of
potenual in 2 orthogonal directions at the surface.)

fLD(i) =
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Examinatuon of the LD wave forms confirmed
that the signal-to-nocise rauos were low (poor sig-
nal representation) at these peripheral sites com-
pared to the other sites. Sixteen non-peripheral
electrodes remained: left and right frontal (F3,
F4), mudline frontal (Fz). left and right antero-
central (aC3, aC4), midline antero-central (aCz),
left and right central (C3. C4), muidline central
(Cz). left and right antero-panietal (aPl. aP2),
midline antero-parietal (aPz). left and right panetal
(P3. P4). midline parietal (Pz) and midline
antero-occipital (aOz). The antero-central elec-
trodes were halfway between the corresponding
central and frontal sites. the antero-parietal elec-
trodes were halfway between the parietal and
central sites, and the antero-occipital electrodes
were halfway between the occipital and parnetal
sites.

The peaks in LD topographies were at different
locauons than the ERP topographies and were
more spatially localized (cf., Fig. 3A and B). In
most cases, this localization was valuable in dis-
unguishing overlapping components. The polanty
of most event-related LD peaks changed across
the scalp, in correspondence to sources and sinks
(regions of emerging and entering ‘equivalent cur-
rent’). Thus, they were labeled by the standard
ERP terminology (e.g., N1) according to their
latency.

Eliminating trials that lacked detectable event-re-
lated signals

We developed a simple method for choosing
and averaging onlv those trials that had detectable
task-related signals (Gevins et al. 1986). Rather
than selecting trials that conformed to a fixed
mode! of the shape of the event-related signal
(e.g.. matched filtering or ‘ Weiner’ filtering — see
reviews in Gevins 1984:; McGillem and Aunon
1987), we used a pattern classification algorithm
to select trials that were staustically different from
noise. Trials that could not be disunguished from
noise were not included in the averaged wave
forms.

A set of event-related data consisted of EEG
segments from a brief tme interval (125 or 250
msec), time-locked to the event of interest. This
set was compared to a set of noise data, composed

AS. GEVINS ET AL,

of EEG segments of the same length. but ran-
domly timed with respect to sumulus and re-
sponse events. The distributions of the event-re-
lated and noise sets had., on the average, simuilar
statistical properties. Therefore, a sophisticated
mathemadtcal pattern classification algorithm was
needed to discriminate the 2 sets based on the fact
that the event-related segments were non-sta-
tonary and the noise segments were stationary
(Gevins and Morgan 1986).

The algonithm constructed equations that dis-
criminated the 2 sets on a channel-by-channel
basis. Averaged ERPs for each channel were
formed from trials containing event-related seg-
ments that were correctly discriminated from noise.
‘Selected tral sets’ for each subject were formed
from trals containing segments that were coi-
rectly discriminated from ‘noise’ in the majority
of channels with significant (P < 0.01) event-re-
lated signals.

The procedure was performed for individual
subjects and channels. using low-pass filtered data
(17-point linear-phase finite-impulse response. 3
dB attenuation at 7 Hz. 20 dB attenuation at 16
Hz), down-sampled from 128 to 32 Hz. Tral
selection of stimulus-locked data used a 250 msec
wide interval centered 375 msec after the stimulus.
Tnal selection of response-locked data used a 125
msec wide interval, centered on the peak of the
response-related wave form for each subject. This
peak latency vaned from 38 to 36 msec after
response onset. as measured from the finger-pres-
sure transducer channel.

Controlling for irrelevant between-condition vari-
ables

It was important to balance the data set from 2
conditions for stimulus-, response- or perfor-
mance-related variables that were different from.
but unrelated to, the intended comparison. For
example, it was important that the pressure of left-
and right-handed responses did not differ. For
each between-condition comparison for each sub-
ject, the 2 sets of event-related. signal-bearing
trials were statistically balanced by eliminating
trials that had outlying values of irrelevant van-
ables (Gevins et al. 1981, 1985). This procedure
involved an interactive program that displaved the
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TABLE

Numbers of onginal and final tnals for sumuius-locked and response-locked data (averaged across T subjects).

Sumu.us-locked

Response-locked

Right-cued Leftcued Right-cued Left-cued
Response No-response Response No-response
Onginal tnals 1345 539 1284 537 1395 1219
Final tnais 790 354 n7 339 1079 906

means, Student’s ¢ tests, and histograms of about
30 behavioral variables. such as response time,
pressure. velocity, accelerauon. duraton and er-
ror, as well as sumujus parameters. indices of
muscle activity and ‘arousal’ (integrated energy
measured from the Pz electrode, and computed in
300 msec epochs before and after the onset of
each event). Between-condition balance was
achieved when the Swdent’s ¢ test for each van-
able of companson had a significance of 0.2 or
greater. " Enhanced’ averages of these event-related
time series were then computed for each condiuon
from the LD, signal-bearing, balanced tnal sets of
each subject.

For stimulus-locked wave forms, data sets of
right- and left-hand responses were balanced for
pressure, duration. velocity, acceleration (when
possible), and error of response. Data sets of each
individual subject were pruned of tmals that had
high reaction tmes (>3 S.D.s), but were not
balanced between hands because of inherent hand
differences. No-response (miscued) sets were bal-
anced with the corresponding response sets
(according to cued hand) by pruning no-response
trials that contained outlying indices of prestimu-
lus ‘arousal.’ No-response sets were then compared
between hands and did not require further balanc-
ing. The numbers of trials in the original and final
data sets are given in Table L

Response-locked sets for each subject were
pruned of trials with reaction times > 3 S.D.s and
balanced between hands for the other response
variables listed above. Reaction time and EMG
indices were not balanced. because of hand
differences within subjects, but mean reaction time
across the 7 subjects was almost the same between
hands (right hand mean = 611 £ 136 msec. left
hand mean = 619 = 137 msec). The onset of the

EMG occurred. on the average, 60 msec before
initiation of the response. The numbers of onginal
and final trials are given in Table L.

Berween-channel covariance measures

The presumulus events of enhanced averages
were bandpass filtered with a delta band {ilter (for
the low-frequency contingent negative variation)
and the other events were filtered with a theta
band filter (Fig. 3C). Each filter was a gaussian
FIR type. with no side lobes in the time response
for the delta case. and 1 side lobe for the theta
case. This lobe limited the tme smear to the
minimum possible smear for each passband and.
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Fig. 3. A: sumulus-locked averages (of all 7 subjects: N = 790)
of potenuals from midline electrode sites under nght-hand
response condiuons. B: unfiltered laplacian denvauons (LDs).
C: theta band filtered LDs. Positive potenual is up for A!
emerging ‘equivalent current’ is up {or B and C. The term 7
the unus for the LD indicates that for each elecirode. the
voltages at the neighboring clectrodes were weighted by the
mean of the distances to those neighbors. The post-sumulus
N1 is shown for the midline antero-occipital (a0z) electrode.
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in parucular, ensured that analysis windows did
not include major contnibutions from other peaks.
Also. since the filters were zero phase, they did
not introduce any time shifts. Nonetheless. we
compared filtered and unfiltered averages to en-
sure that the filtering did not differentially distort
the relative amplitudes and latencies of the
analyzed peaks.

Multi-lag covariance functions were computed
for the enhanced, filtered averages (Fig. 4). The
covariance analysis interval used for computing
each covariance function was the width of 1 period
of the band-center frequency of each filter.
Down-sampling factors were determined by the 20
dB rejection point, and covariance functions were
computed up to a lag time of one-half period of
the high frequency for each band. The interval
length for the theta (4-7 Hz) band was 187 msec,
corresponding to one period at 5.5 Hz. The theta-
filtered data, orginally sampled at 128 Hz, were
down-sampled by 6, and the covariance function
computed to 3 lags (=62 msec). The interval
length for the deita (0.1-3 Hz) band was 375
msec, corresponding to ome period at 2.5 Hz.
Delta-filtered data were down-sampled by 8, and
the covariance function computed to 16 lags (+125
msec). The covariance measure was defined as the
maximum absolute value of the covariance func-
tion, and the time delay as the lag time of that
maximum. (Note that the covariance is not nor-
malized by signal strength and is therefore sensi-
tive to the amplitude, as well as to the shape, of
time series from the 2 channels.)

Covariance measures were converted to signifi-
cance scores (after square root transformation was
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used to approxumately normalize the signal-
squared covanance distribution) by comparing
them with the noise median and with Tukey's
biweight estimate of noise vanance (Iglewicz 1983).
Tukey’s biweight estimate was computed from
sample distributions of zero-lag covarances be-
tween intervals centered around data points with a
minimum energy envelope. For N data points, the
covariances have N — 1 degrees of freedom. Thus
the theta band covariances were computed from 35
down-sampled time points. and had 4 degrees of
freedom. Despite this low value. significances fre-
quently reached P < 0.00001. Adjustment for mul-
tple comparisons within an interval (120 pairings
of 16 non-peripheral channels) was done by a
Duncan procedure, in which the number of chan-
nels was taken as a conservative approximation of
the number of independent covariance paurs.

To test the mean difference between the ERC
patterns under 2 conditions, the Student's ¢ test
was applied to the distributions of all significant
ERCs for each condition. Similarity between 2
ERC patterns, irrespective of the magnitudes of
the ERCs, was measured with an esumate of the
correlation, and its confidence interval was pro-
duced by the distribution-independent ‘ bootstrap’
Monte Carlo procedure (Efron 1982). This gener-
ated an ensemble of correlation values, each com-
puted for a sample of the ERC distribution formed
by random selection with replacement.

To show the most prominent results, all signifi-
cant ERCs within 1 S.D. from the maximum value
in that interval were displayed (Fig. 4). Diagrams
of ERCs within 2 S.D.s were also examined for
additional information. Both time series contrib-

Fig. 4. A: schematic diagram on a top view of 2 modei head. showing the relatonship of an ERC line (left) to the ERP wave forms
from the 2 corresponding eiectrode sites (right). The ERC was computed over the indicated 187 msec analysis interval from the theta
band-filtered, averaged. response-locked LD ERP segments. [n the ERC diagram. the wadth of a line connecung 2 sites indicates the
significance of the covanance berween the ERP wave forms from those sites. with the scale appeanng above the word “signuficance.’
The color of the line ndicates the ume delay in msec (lag ume of maximum ERC) as shown in the scale above *msec delay.” The
color of the arrow indicates the sign of the ERC (same color as line = positive: tan = negative). The arrow points from the leading to
the lagging channel, uniess there is no delay, in which case a bar is shown. The ERC between aPz and aCz is significant at 2 <10~
The aPz wave form leads the aCz wave form by about 16-31 msec (green line), and the ERC is positive (arrow also green). B:
schemauc diagram showing all possible ERC lines between paurs of the 16 non-penpherai eiectrode sites. All 26 electrode sites are
indicated as red disks. but computation of an adequate estimate of the LD was not actually possible at the 10 peripheral sites. Since a
ring of penpheral electrodes must be expended in order to esumate the LD at the interior sites, there are sull large unrecorded scaip
areas even when recordings are made with 26 electrodes.
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uting to each significant ERC were examined to
ensure that the ERC was due to the pnmary ERP
component. and not to any interactions resulting
from the unavoidable time smear caused by nar-
row-band filtering (Fig. 3C). The most prominent
electrode site was the one that covaried signifi-
cantly with the most other sites. Other prominent
sites covaried with more than one-half the number
of sites of the most prominent site.

Results

Stimulus-locked wace forms

The unfiltered LD response and no-response
wave forms. averaged over all 7 subjects, con-
tained peaks at different sites; these peaks corre-
sponded to N1 at 130-140 msec and P2 at 230-240
msec (Fig. 3). The entering current, corresponding
to N1, was greatest at the lateral parietal sites (not
shown). There were 2 sites of maximal exiting
current: the midline antero-central and midline
antero-parietal sites, corresponding to the anterior
and posterior fall-off of the potential field. It is
likely that N1 at the anterior sites involved resolu-
tion of the contingent negative variation (CNV;
Tecce 1972).

Right- and left-hand response wave forms con-
tained a P3 wave, approximately 250 msec wide,
centered near 350 msec, with maximal emerging
current at Pz (Fig. 5, left). The infrequent no-re-
sponse wave forms had a much larger P3 wave,
with maximal emerging current at aCz (Fig. §,
right). The response P3 wave had the posterior
maximum characteristic of the task-relevant ‘P300°
peak reported in the literature (e.g., Squires et al.
1977). The no-response P3 had the larger ampli-
tude characteristic of the probability-sensitive
‘P300." and the anterior maximum characteristic
of the ‘no-go’ P3a (Squires et al. 1975).

In response wave forms, a slow shift corre-
sponding to response preparation began after P2,
and peaked at about 600 msec (Fig. 5, left). Enter-
ing current was largest at aCz, with larger ampli-
tude at central sites contralateral to the respond-
ing hand (not shown). (For the right response, the
amplitude of C3 was approximately 9 times greater
than the amplitude of C4; for the left response,
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Fig 5. Right-hand response (A. N = 790) and right-hand no-re-
sponse (B. N = 354) averaged, unfiltered. 7-subject. sumulus-
locked, LD wave forms from midline electrode sites. The N1
peak and corresponding ERC analysis interval are shown for
the a0z clectrode, the P2 peak is shown for the Pz electrode.
and the P3 peak and interval are shown for the aCz (mudline
antero-central) electrode. The difference berween conditions is
highlighted by the large P3 peak (maximal at aCz) in the
infrequent no-response condition. Emerging ‘equivaient cur-
rent’ up.

the amplitude of C4 was about 2.5 times greater
than the amplitude of C3.) In no-response tnais. a
broad ‘slow wave’ peaked at 550 msec at Fz and
700 msec at aCz, then extended past 1 sec (Fig. 3.
right). The slow wave had large entering current at
midline central and frontal sites (maximal at aCz),
but was small elsewhere.

Theta filtering emphasized the early peaks, in-
cluding the no-response anterior P3 wave, and
eliminated the slower response preparation and
slow wave components. It aiso resolved the wide
posterior P3 wave into 2 theta band peaks.
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Sumulus-locked ERCs

ERCs were computed for the theta band-filtered
data in a series of 187 msec wide intervals centered
before and after the sumulus. ERC patierns were
highly consistent over the carly intervals. reflect-
ing the high degree of svachrony of the filtered N1
and P2 peaks. In a representative interval centered
62 msec after the stimulus (Fig. 6), there was a
common pattern for both the right and left re-
sponse stimulus conditions at the threshold of 1
S.D. It consisted of ERCs of the midline antero-
parietal site with mudline paretal and antero-
central sites. In these early intervals. the right-
slanted stimulus patterns. but not the left. also
involved the right parietal site (P4). At 2 S.D.s
from the maximum ERC. however. the left sumu-
lus patterns included both P3 and P4. whereas the
right stimulus patterns included P4 and aC3. but
not P3. I these early intervals. the pauerns for
response and no-response conditions were also the
same.

In order to test the signiticance of the
between-condition difference observed in the pat-
terns of Fig. 6. we used the Student’s r test to
compare the distributions of all the significant
ERCs (P <0.05) of the right and left stimulus
patterns. The distributions of right and left sumu-
lus ERC patterns were significantdy different at
P <0.05 (¢t =2.1, df=238). The bootstrap corre-
lation was 0.86 = 0.02. Thus, although the disuri-
butions were significantly different in overall scale.
they had a similar underlying pattern.

The ERC patterns of response and no-response
trials diverged by the interval centered at 281
msec (not shown). As characterized by the 312
msec centered pattern (Fig. 7, right), the Pz site
was promunent in the response patterns and had
significant ERCs with right parietal and antero-
parietal. midline and left antero-central and right
frontal sites. The midline antero-central site was
prominent in the no-response patterns and co-
varied with Pz, F3, Fz, and aC4 (Fig. 7. left). The
aCz-Fz ERC, with aCz leading by 48-79 msec,
was particularly charactenistic of the no-response
patterns during the intervals from 281 to 375
msec. The difference between the disuibutions of
all significant ERCs ( P < 0.05) that corresponded
to the response and no-response patterns observed

in Fig. 7 was highly sigruficant at P <0.001 (7 =
11.8. df = 238). The bootstrap correlation was 0.30)
% 0.02. Therefore, the scale difference between the
response and no-respoase distributions was highly
significant. but they had some common ERCs.

The response patterns underwent another
change at the 375 msec centered interval, as the
intervals approached the onset of the response.
The patterns became more complex. with more
ERCs involving more electrode sites. By the 300
msec interval. the night- and left-hand response
patterns involved the same sites. with prominent
involvement of aCz. The no-response patterns did
not undergo anv major changes from the 281 1o
500 msec centered intervals except that thev Jdi-
minished in complexitv. Bv 300 msec. the onlv
significant no-response ERC (at either the 1 or 2
S.D. thresholds) was aCz-Fz. with aCz leading by
48-79 msec for both hands.

Response-locked wave forms

The unfiltered LD wave forms (Fig. 8) con-
tained a slowly increasing shift that corresponded
to the readiness potentiai (RP). It was maximal
before the onset of the response and was char-
acterized by an increase in slope that peaked 62
msec after the response began (‘N2R"). and by a
component that peaked 187 msec after the re-
sponse began (‘P2R’). The N2R peak was local-
ized to only a few midline sites. and to sites
contralateral to the responding hand. Current sinks
were anterior (maximum at aCz). Current sources
were posterior: the only sources were C3. aP1 and
P3 for the right hand. and the homologous right-
hemisphere sites for the left hand.

Left- and right-hemisphere maxima were at aP1
and aP2. respectively; therefore, there was an an-
terior-posterior inversion of polarity. but no inver-
<ion along the midline.

The P2R component was present at only a few
electrode sites: it was absent at aCz. where the RP
and N2R were strongest. For the right-hand re-
sponse. the maximum current sink was at C3. and
principal sources were at Cz and F3. For the
lei. hand response. the maximum sink was at C4:
the sources were at Cz. F4. and aC4. Theta band
filtering removed the RP and enhanced N2ZR and
P2R.

N
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Response-locked ERCs
ERCs were computed for a series of 187 msec
wide intervals centered on the theta band-filtered.

A.S. GEVINS ET AL
response-locked averaged LD wave form before

and after onset of the response. In the interval
centered 187 msec before the response, the ERC

14CGG3Gt

14GGGSG!




.
N FINGE
Fig. 6. View of the most significant (within 1 5.D. of largest DEX FINGER PRESSURE
value) ERCs from the sumulus-lockcd: LD N1 wave of the 25T AND AGHT HanD
response condiuon. supenmposed on coiored maps of N1 wave
amplitude. ERC;s were measured dunng a3 137 msec wide F3 4 £3. 7Y
interval. centered 62 msec after leit (left) and nght (nght) < _-q.k 7./_\_‘:JA-= s
sumulus onset, from the theta band-filtered averages over all 7 ‘ ! . o
. . ot emem——
subjects. The ERC diagram conforms 10 the sigmficance. sign, aca acs ™ aca | e
and deiay scales of Fig. 3A. The color scale at the left a——— -s.,—.,_.f\‘ p_v_(_q — TN
represenung wave amplitude, covers the range from the minimai . - wm ¢ [
to maximal values of the 2 maps. For both left- and right- €3, s, dﬁca. . Em
handed conditions. there is i1 maximum of wave amplitude Aty : : ! A
occipitally and a minimum at the midline antero-centrai (aCz) o Iy N .,: e
site. Common ERCs for both left- and right-hand conditons 2P 1 TaP2 G T5=f
exist between mudline panetal (Pz) and antero-panetal (aPz). e e vb‘:”"""s_. ‘ S vgf.h- .
and between mudline antero-panetal and antero-central sites. et Py
M H . T ~ 3 N T T i ry T y'y
Addiuonai ERCs for the nght-hand condition. invoiving the o .K(mm A A
=$EC ~SEC -sSEC

nght panetai (P4) site. reflect the lateraiization of the N1 peak

at panetal sites. Fig. 3. Response-locked. unfiltered. LD wave forms of lateral

¢lectrode sites for left- and ngnt-nand :ndex finger responses,

Fig. 7. View of the most sigruficant (1op standarq chmuon) Pf The RP ireadiness potenual). *NIR' and -PIR® components
ERC‘pauems supenmposed on colorcfi maps of integrated P3 are ndicated. 1s .s the NZR ERC interval. Note the reversais
amplitude. Mcnsu:cmgms were made from rhet:: band-fiitered of poianty in N2R and P7R between C2 and aC3 (nght hand),
averages over ail 7 subjects. dunng an interval 213-405 msec and berween C4 and aCs -left hand). Emerging -equivaient

after onset of the nght-cue sumulus. for pressure response
(nght) and no-response tleft) condiuons. The mudline panetal
site 1s promunent in the pattern for the response condition. and
the mudline antero-central site 1s prominent in the infrequent
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current’ up.
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Fig. 9. View of the most significant (top standard deviadon) ERCs from the N2R wave supenmposed on colored maps of the
anuplitude of that wave for left- (left. N = 906) and right-hand (nght. N =1079) index finger responses. NIR ERCs were measured
during a 187 msec interval centered on the peak of left-hand and nght-hand index finger pressures from theta band-filtered averages
over all 7 subjects. The ERC diagram coniorms to the signuficance, sign. and delay scales of Fig. 4A. The maximal wave amplitude is
at lateralized centrai (C4 and C3) and antero-panetal (aP4 and aP3) sites. while the minimai amplitude 15 at the mudline
antero-central {(aCz) site. Note that the aCz site 1s involved 1n all ERCs in this interval. The patterns are disuncily lateralized
according to responding hand. The sign of ERCs involving aCz 1s positive for lateral {rontal sites. and negauve for lateral central and
antero-panetal sites. Note the 16-31 msec lag between aCz and Fz.
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patterns were weak and did not differ appreciably
between hands. The ERC patterns became strong
and contralateral to the responding hand begin-
ning with the interval centered at the response
onset.

Right- and left-hand patterns within the thresh-
old of 1 S.D. were nearly mirror images in the
NIR interval (Fig. 9). centered 62 msec after
response onsetl. The aCz site was involved in all
ERCs in both patterns. This site covaried with
short delay (0-13 msec) with the antero-panetal.
central and frontal sites contralateral to the re-
sponding hand (and with the left antero-central
site for the right-hand pattern), and with the mud-
line central site. Additionally, aCz led Fz by 16-31
msec. The ERCs of aCz with aP1 and C3 for the
right hand. and with aP2 and C4 for the left, were
negative. ERCs were positive for aCz with aC3
and F3 for the right hand. and with F3 for the
left. Additional ERCs. which were included at the
2 S.D. threshold. were all contralateral to the
responding hand. The only other sites involved
were P3 for the right-hand pattern, and P4 and
aC4 for the left. Right- a d left-hand pattems in
the interval centered at 187 msec, at both 1 and 2
S.D.s, involved the same sites as in the 62 msec
centered interval. The lags increased from the
0-31 msec to the 16-47 msec range.

The distnbutions of all significant response-re-
lated ERCs during the 62 msec centered interval
differed significantly between right and left hands
at P <0.02 (r=2.6. df = 192). The bootstrap cor-
relaton wos 0.06 = 0.12. Thus, not only were the
distributions significantly different from each
other, they were also uncorrelated.

Discussion

This study suggests that the method of event-re-
lated covariance (ERC) can measure signs of the
dynamic functional cortical networks underlying
goal-directed behaviors at the scalp. Indeed, the
distinct, rapidly changing spatial patterns of wave
form synchronizaton seen in event-related covari-
ance maps correspond to clinical neuropsychologi-
cal models of a simple numerical judgment task
that requires visual stimulus processing followed
by response execution. Furthermore, having found
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specific task-related time differences between wave
forms within a given analysis interval, we suggest
that functional corucal networks may be char-
acterized by the time relations of activity at their
nodes. While the ERC patterns suggest functional
co-involvement of underlying cortical regions, we
must reiterate that the actual generators are in fact
unknown. and further studies will be needed to
determine what they are. With this caveat in mind.
we present a discussion of the functional neuro-
anatorucal implications of the results.

Response-related ERPs and ERCs

Since ERC patterns for the robust N2R and
P2R components o: response-related wave forms
were simple and clear cut. they will be discussed
first. There were several main findings. First, the
mudline antero-central electrode site (aCz). overly-
ing premotor and supplementary motor cortices
thought to be involved in planning and execution
of precise finger control (Ingvar and Philipson
1977: Foit et al. 1980: Roland et al. 1982), was
central to all response-related patterns. Second.
response-related ERC patterns reflected an inver-
sion of polarity in the filtered LD wave forms
between the lateralized central and the lateralized
antero-central and/or frontal sites. The polarity
reversal, possibly extending across the central
sulcus, may reflect a single dipole source generator
in the finger region of the motor cortex. However,
if this were the case, the 2 poles of the generator
would be highly covariant, that is, there would be
high covanance between lateral, antero-central,
and central sites. Since this was not so, we favor
the interpretation that there are 2 closely spaced
generators, 1| motor (antero-central) and 1 somes-
thetic (post-central). Third, midline ERCs of the
antero-central site with the frontal and central
sites were response features common to both
bands. The ERC between the antero-central and
central sites had a short-lag delay and may reflect
volume-conducted activity from a single genera-
tor. The longer-lay delay (16-31 msec) between
the antero-central and frontal sites suggests the
presence of 1 distinct generators, although ad-
ditional studies are required to rule out a ‘rotat-
ing’ single generator as the source of the covari-
ance (Fender 1987).
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The findings reported here thus support the
conclusion that during the N2IR and P2R compo-
nents of a voluntary, skilled. ballistic finger re-
sponse. there are at least 4 primary cortical gener-
ators: one mudline in premotor and/or supple-
mentary motor cortices; another midline in pre-
frontal cortex: a third in the hand region of motor
cortex contralateral to the responding hand: and a
fourth in the contralateral hand region of the
somesthetic cortex. These areas are the same as
those determined by studies of direct cortical re-
cordings of motor potentials in humans and
monkevs (Arezzo and Vaughan 1975: Pieper et al.
1980). aithough prefrontal involvement was absent
In monkeys.

Stumuius-related ERPs and ERCs

The stimulus-related patterns displayed several
charactenistic features. For example. the patterns
of intervals within the first 250 msec differed
according to the slant of the sumulus. There were
short-delay ERCs involving the midline antero-
parietal site, midline antero-central site, and mid-
line parietal site in the patterns of all the condi-
tions. This suggests that perceptual processing in
parietal areas was coordinated with motor ini-
tation control in supplementary motor and/or
premotor areas that had been ‘primed’ for re-
sponse by the cue.

The right parietal site was a salient feature of
the ERC patterns for the right-slanted stimulus,
regardless of cue. For the left-slanted stmulus.
there was weak involvement of both the rght and
left panetal sites (both of which were only evident
at the 2 S.D. threshold). Therefore, the right
parietal site was involved regardless of the sumu-
lus and was stronger when the stimulus was slanted
to the right. The left parietal site was involved
when the sumulus was slanted to the left. The
appearance of the right parietal site in patterns for
both right and left hands may reflect the impor-
tance of that region for humans performing atten-
tional tasks (Mesulam 1981). Our result may be
compared with the finding of Heilman and Van
den Abell (1980) that the nght parietal lobe is
focally activated by stimuli projected into either
visual field, whereas the left is only activated by
stimuli projected into the right field. The fact that

the component that changed hemisphere in our
ERC patterns was ipsilateral. rather than con-
tralateral to the stimulus direction. may be ex-
plained by a contralaterally activated. but
obliquely oriented generator that projects its field
ipsilateral to the slant of the stimulus. Even though
the stimulus subtended only a small visual angle,
its ulit into one-half of the visual field may have
evoked an obliquely oriented generator popula-
tion. possibly buried in the parieto-occipital sulcus.
Such a *paradoxical’ ipsilateral posterior peak of
potential in response to foveal visual sumulation
has been reported by Barrett et al. (1976).

The ERC patterns began to differ according to
the type of response after the early intervals. while
differences related to the physical charactenstics
of the sumulus disappeared. By the interval
centered at 312 msec after the stumulus. which
spanned the P3 wave. the ERC paterns clearly
differed according to the subjective interpretation
of the stimulus, rather than to the stimulus per se.
The difference between the antertor (aCz) con-
centration of ERCs in the no-response condiuon.
and the posterior (Pz) concentration in the re-
sponse condition, is consistent with other studies
of go/no-go tasks (see summary in Tueting 1978).

There has been considerable interest in the
neural substrates of the P3 component. with evi-
dence of widespread corucal and subcortical
sources (Halgren et al. 1980; Wood et al. 1980:
Okada 1983; Glover et al. 1986: Velasco et al.
1986). The complex pattern of covariance and
delay for the P3 wave in the infrequent no-re-
sponse condition suggests that more than one
source is responsible for its generation. In particu-
lar, the long-iag delays (48-79 msec) of the mid-
line antero-central with the midline and left fron-
tal sites. as well as the concurrent short delavs
(< 31 msec) of the midline antero~central with
right antero-central and mudline paretal sites, are
difficuit to reconcile with the notion of a singie
generator.

The ERC between Fz and aCz was prominent
in later intervals of both response and no-response
stimulus-locked patterns. Examination of the
filtered wave forms showed that aCz and Fz
changed shape in the period from 375 to 500 msec
post stimulus, so that the aCz site led Fz with
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short delay in the response condition and with
long delay in the no-response condition. This ap-
parent condition-dependent adjustment in the tim-
ing of the wave forms, along with the significance
of their ERC, suggests that the relation of these 2
sites is an important sign of the subjective deci-
sion to execute or withhold the finger press. Since
aCz was a prominent site in all response patterns,
its short-delay timing relation to Fz may reflect a
higher order cognitive control process for the ini-
tation of response. The midline frontal electrode
site overiies the prefrontal cortex, which 1s known
to be involved in the temporal organization of
behavior (Ingvar 1985; Stuss and Benson 1986).

ERC method: advances, remaining issues

The methods presented here represent a signifi-
cant advance over those of our previous studies
(Gevins et al. 1981, 1983, 1985), in that we have
now found task-specific scalp patterns of mass
neural integration that conform to a priori predic-
tions based on the presumed function of underly-
ing cortical areas. It is unlikely that volume con-
duction blurring played a significant role in the
resulting scalp ERC patterns. First, the LD greatly
reduced the effect of blurring from the spatial
spread of potential. Second. because we consid-
ered only the most significant ERCs, we reduced
any global effects due to potential spread. Third,
although volume conduction cannot be ruled out
as the basis for ERCs between neighboring sites,
ERCs due to volume conduction would tend to be
greatest for nearby sites and would decrease uni-
formly with distance in all directions. Volume-
conduction blurring is not considered to be a
major factor in determining the ERC patterns
since the patterns presented here were highly
localized and involved ERCs between sites with
non-covarying intervening sites.

Although we cannot rule out subcortical
sources, the same reasoning makes it seem un-
likely that they are directly responsible for the
ERC patterus. Subcortical sources would tend to
produce diffuse scalp patterns in which all inter-
vening sites covaried. We should emphasize, how-
ever, that even if all the sources of the scalp ERC
patterns are cortical, the ERCs do not necessanly
result from direct communication between corucal
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regions. There are numerous pathways, involving
subcortical and other cortical structures, that couid
account for the measurement of similar wave forms
from any 2 corucal regions.

Determination of the actual sources of these
ERC patterns awaits further studies using ‘com-
bined electrical. magnetic, and radiological data.
as well as intracerebral data from human patients
and non-human primates. Since these studies may
require a separate analysis of each subject, we are
concerned with" the issue of inter-subjct variabil-
ity. The vanability of ERC patterns between sub-
jects for the pre-stimulus interval of the present
experiment has been discussed elsewhere (Gevins
et al. 1987) and will be summarized in part [I. We
are currently investigating the inter-subject vari-
ability of the other events (Gevins et al. in prep.).

The measurement of event-related covariances
is currently the only practical means of idenufying
narrow-band. fraction-of-a-second patterns of
wave shape similarity and timing differences be-
tween event-related signals recorded from differ-
ent scalp sites. Measurements of spectral coher-
ence, as are conventionally estimated from
smoothed periodograms or autoregressive models,
have not yet achieved a similar degree of temporal
and frequency resolution (reviewed in Gersch
1987). Likewise, measures of mutual information.
used to estimate the degree of relatedness between
2 averaged event-related time series (Mars and
Lopes da Silva 1987), require a substantially longer
data segment. By definition, topographic maps of
potential or metabolic activity do not show this
type of information.

Conclusion

QOur findings suggest that a network model.
‘connectionist,’ approach to human brain functon
is feasible. There are indications, from the stimu-
lus-locked ERC intervals. for example, that cort-
cal processing of the meaning of the surmulus
evolves into processing the choice of response at
approximately 300 msec post stimulus. This find-
ing is consistent with models of cortical informa-
tion processing (John and Schwartz 1978) that
distinguish between early exogenous and later en-
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dogenous processes. The response-related ERC
patterns agree with multi-component neurophysio-
logical and radiological models of the corucal
activity that accompanies voluntary responses
(Roland et al. 1982; Deecke et al. 1985). Taken
together, the results presented here clearly suggest
that intelligible signs of task-specific coordination
are available from the distributed mass neural
processes of the brain (Freeman 1975, 1987). In
part [I of this report. we present the application of
the ERC method to higher cogniuve functions.
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Event-related covariances during a bimanual visuomotor task.
II. Preparation and feedback !
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Summary Event-related covarnance (ERC) patterns were computed from pre-stimulus and feedback intervals of a bimanual,
visuomotor judgment task performed by 7 right-handed men. Late contingent negative vanation (CNV) ERC patterns that preceded
subsequently accurate right- or left-hand responses differed from patterns that preceded subsequently inaccurate responses.
Recordings from ¢lectrodes placed at left frontal, midline antero-central, and appropriately contralateral central and parietal sites
were promunent in ERC patterns of subsequently accurate performances. This suggests that a distributed cortical *preparatory
network,” composed of distinct cognitive, integrative motor, somesthetic, and motor components, is essential for accurate visuomotor
performance.

ERC patterns related to feedback about accurate and inaccurate responses were similar to each other in the interval immediateiv
after feedback onsei, but began to differ in an interval spanning an early P300 peak. The difference became even greater in an
interval spanning a late P300 peak. For both early and late P300 peaks. ERC patterns following feedback about inaccurate
performance involved more frontal sites than did those following feedback about accurate performance.

Together with the stimulus- and response-locked results presented in part I results of this study on the preparatory and feedback
periods suggest that ERCs show salient features of the rapidly shifting, functional cortical networks that are responsible for simple
cognitive tasks. ERCs thus provide a new perspective on information processing in the human brain in relation to behavior — a
perspective that supplements conventional EEG and ERP procedures.

Key words: Event-related covanances: Event-related potentials: Contingent negative vanation: P300: Spatiotemporal mapping;
Preparatory networks; Feedback networks; Performance accuracy

As a step towards characterizing the distributed (ERPs) (Gevins et al. 1981, 1983, 1985, 1987). In

functional cortical networks that underly higher
cognitive functions, we have been measuring the
spatial synchronization of event-related potentials

' A part of the preparation results reported here have ap-
peared in abbreviated form in Gevins et al. 1987. In addition
to a more complete description of cue-locked ERPs, this paper
presents the ERPs and ERCs for the feedback-locked event,
and a discussion reiating the contingent negative vanation
(CNV) and P300-interval results to each other and to other
psychophysiological research.

Correspondence 10: A.S. Gevins, EEG Systems Laboratory,
51 Federal Street, San Francisco, CA 94107 (US.A ).

this experiment, we measured the spatial synchro-
nization of ERPs related to preparation, stimulus
processing, response execution and feedback about
response accuracy during a 4 sec long bimanual
visuomotor task. The results reported in part I
(Gevins et al. 1989) showed that event-related
covariance (ERC) patterns of stimulus processing
and response execution correspond to existing
models of the spatial and temporal organization of
cortical function. The results presented in this
second report show that the ERCs of pre-stimulus
and feedback intervals are related to the accuracy
of performance and are also consistent with recog-
nized neurocognitive models. ERCs provide a new

0168-5597,/89,/303.50 © 1989 Elsevier Scientific Publishers Ireland. Lid.
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means of characterizing performance-related
aspects of neural processing and thereby open new
avenues for understanding the CNV and P300
waves.

Methods

Subjects, task and recordings

Detailed methods of this study were presented
in part I and will be reviewed briefly here.

EEGs were recorded from 7 right-handed.
healthy male adults while thev performed a well-
practiced visuomotor task. Each trial of the task
began with a cue svmbol (* V"), which was slanted
to the right or left to indicate with which hand the
subject should respond. One second after this cue.
a visual stimulus (no. 1-9) appeared. In “response’
trials, the stimulus was slanted in the same direc-
tion as the cue. The subject had to respond quickly
with the index finger of the indicated hand. by
producing a pressure from 0.1 to 0.9 kg linearly
related to the stimulus number. In a randomly
distributed 20% of the trials, the stimulus was
slanted in the direction opposite to the cue. In
these *no-response’ catch trials, the subject had to
withhold the finger response.

Feedback was presented visually 1 sec after the
subject’s peak response pressure in response trals.
Feedback indicated the actual pressure (to a tenth
of a stimulus unit) the subject made. If the re-
sponse was sufficiently close to the required re-
sponse (according to a continuously updated toler-
ance of adaptive error), the feedback number was
underlined to indicate a ‘win.” The purpose of the
adaptive error tolerance was to adjust the margin
for winning as performance fluctuated. The error
tolerance was computed for each hand separately
as a function of performance during the previous
5 trials. Subjects earned a bonus of 5 cents for
each win and were penalized 10 cents for each
response to a ‘no-response’ catch trial. Summaries
of performance and the amount of money earned
were presented at the end of each block of 17
trials. Together with frequent rest breaks, these
procedures were intended to help subjects remain
alert during the 5-7 h recording session.

AS GEVINSET AL,

Using wvisual editing, we discarded trials that
contained physiological or instrumental artifact,
slow. hesitant. or delayed responses. or any sign of
EMG in the non-responding hand or in the cue-
to-stimulus epoch in the responding hand.

Performance accuracy

In order to identifyv neuroelectric patterns asso-
ciated with preparation and quality of perfor-
mance. each subject’s trials were sorted according
to hand and response accuracy. *Accurate’ and
‘inaccurate’ data sets contained trials in which the
response error (deviauon from required finger
pressure) was less or greater. respectively, than the
mean cerror calculated over each subject’s ~ntire
recording session. Accurate and inaccurate tnals
were distributed uniformly across the session and.
therefore. did not differ because of learning or
possible svstematic shifts in arousal across the
session.

Trials were also sorted according to hand and
accuracy during feedback-locked intervals. Behav-
ioral vanables such as response time. pressure.
and duration were carefullv balanced to eliminate
the possibility that differences in post-response
activity, unrelated to our neurophysiological hy-
potheses, might extend to the onset of feedback.

Laplacian derwation wave forms and ervent-reluted
covariances

Sixteen laplacian denivation (LD) channels were
computed from recordings bv a total of 26 scalp
electrodes. The 16 were the non-peripheral scalp
electrodes with adequate sampling of surrounding
potential. Enhanced. averaged. event-related. LD
time series were formed from sets of trials that
contained detectable event-related signals (Gevins
et al. 1986). A positive peak in the LD wave form
represented the emerging current at the scalp and
is referred to as a “current source.’ (This terminol-
ogy should not be confused with an actual neural
source or ‘generator.’) Since most LD peaks
changed polanty across the scalp, all peaks were
labeled according to standard ERP terminology
(e.g.. CNV_ P300).

ERCs for each of the 120 pairwise combina-
tions of the 16 non-peripheral channels were com-
puted from the enhanced. filtered. 7-person aver-
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aged LD wave forms (see part I). A delta (0.1-3
Hz) bandpass filter and a covariance interval width
of 375 msec were used to emphasize the low-
frequency. late post-cue CNV component of the
LD wave form. A theta (4-7 Hz) bandpass filter
and a 187 msec wide covanance interval were used
to analvze the post-feedback LD components.
Measuring the covanance between narrow band-
pass-filtered wave forms was equivalent. in princi-
ple. to computing the magnitude of the cross-spec-
trum in the frequency domain. However. working
in the time domain made it easier to denve the
optimal trade-offs between tume and frequency
resolution in our data. Working in the time do-
main also made computations efficient. since we
could calculate onlv over the band of interest, and
not over the entire spectrum.

All ERCs with significance of P <0.05 were
displayed for pre-stimulus CNV intervals. Time
delavs could not be computed for the CNV, be-
cause an interval wide enough to allow an ade-
quate estimate of the delay would have included
components related to processing of the cue and
would thus have not related solely to the CNV,
ERCs within 2 S.D.s of the maximum ERC value
were displayed for the feedback intervals, because
of the many highly significant ERCs. As descnbed
in part [. ERC patterns were compared for dif-
ferences in magnitude by the Student’s 7 test. and
for differences in pattern by the “bootstrap’ corre-
lation method (Efron 1982).

We used pattern classification procedures to
determine how well the pre-stimulus ERCs could
predict the subsequent performance accuracy, and
to assess differences between subjects. A non-lin-
ear. 2-lavered 'neural network’ pattern classifica-
ton algorithm (Viglione 1970; Gevins 1980) clas-
sified each tnal for subsequent performance accu-
racy by forming weighted combinations of the
pre-stimulus ERCs. Classification equations that
consisted of weighted combinations of the deci-
sions of discriminant functions were computed
using a recursive procedure. The discriminant
functions themselves consisted of weighted comba-
nations of a subset of the ERCs shown in Fig. 2.
We validated this procedure by classifving the
trials of each subject by equations developed on
the trials of the other 6 subjects. We used a

binomial distribution to determine the significance
of the average of the 7 validations. A more de-
tailed discussion of the application of pattern clas-
sification procedures to neuroelectric signals can
be found in Gevins (1980. 1987) and Gevins and

Morgan (1986. 1988).

Results

Behavioral unalvsis

For accurate tnals. the mean deviation of re-
sponse pressure from the required pressure was
0.035 = 0.020 kg for the right hand. and 0.039 =
0.020 kg for the left hand. The comparable values
for inaccurate performunce were 0.162 + 0.066 kg
for the right hand and 0.166 = 0.076 kg for the left
hand. Mean reaction times for the 4 performance
conditions in the final data sets ranged con-
sistently from 610 to 618 msec.

Cue-locked wave forms

Although visual inspection of the pre-stimulus
CNV in the 7-person averaged. delta-filtered LD
wave forms (Fig. 1) suggested differences in am-
plitude that were related to condition. such dif-
ferences were not statistically significant. The
mean squared amplitude (over channels) of the
CNV wave form. thought to be related to prepara-
tory set (Walter 1967: reviewed in Tecce 1972).
was measured for 375 msec wide intervals (corre-
sponding tn covariance analysis intervals) under
subsequently accurate and inaccurate. right- and
left-hand conditions. In the interval centered at
687 msec post cue (covering the late peak of the
CNV), the amplitudes cf the CNV wave form for
subsequently accurate and inaccurate perfor-
mances did not differ significantly for either hand.
The similanty of the late CNV amplitudes was
also confirmed by the bootstrap correlation proce-
dure. When we compared the distributions of am-
plitude of the 687 msec interval of subsequently
accurate and inaccurate tnials. the correlations were
0.84 + 0.16 for right-hand tnals and 0.83 + 0.14
for left-hand trials. Thus. the late CNVs under
conditions of accurate and inaccurate perfor-
mance did not differ either in magnitude or in
spatial pattern.
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Fig. 1. Laplariin denvatior (LD) wave forms from midline
electrode si.es, showing the contingent negative varation
(CNYV), .ad the event-related covariance (ERC) analysis inter-
val cer.iered at 687 msec post-cue in the cue-to-stimulus period.
Th- mean late CNV amplitudes, from low-pass filtered (below
3 Hz) averages of 7 subjects, are not significantly different for
the companson of left-accurate (A) with left-inaccurate (B)
conditions, or right-accurate (C) with nght-inaccurate (D) con-
ditions.

In contrast to the non-specific CNV amplitude
patterns that were seen across all LD channels,
there were differences in the CNV amplitude of
the left and right antero-central (motor-related)

A.S. GEVINS ET AL.

TABLE I

Mean absolute amplitude df the laplacian derivation wave
form from a 375 msec wide interval centered at 750 msec post
cue on the late CNV. The left and right antero-central sites
(aC3 and aC4) are thought to overly primary motor areas. The
antero-central CNV was larger contralateral to the hand indi-
cated by the slant of the cue preceding accurate and inaccurate
performance. The asymmetries that preceded inaccurate per-
formance tended to be larger. Values are expressed in units of
uV/emd.

Electrodes  Accurate Inaccurate

Right cue  Leftcue  Rightcue  Left cue
aC3 0.63 0.15 0.83 0.14
aC4 0.18 0.36 0.14 0.50

sites. The results summarized in Table I show that
the absolute amplitude of the late CNV, for the
375 msec wide interval centered at 750 msec post
cue, was appropriately lateralized to the hemi-
sphere contralateral to the corresponding hand for
both accurate and inaccurate performance. For
the right hand. the left antero-central amplitude
was greater than the right by more than 4:1. For
the left hand. the right antero-central was greater
than the left by 2:1 or more. If CNV amplitude
lateralization is taken as a sign of response prep-
aration. it is surprising that the asvmmetries pre-
ceding inaccurate performance tended to be larger.

Cue-locked ERCs

ERCs were computed from delta band-{iltered.
averaged LD wave forms in each of several inter-
vals during the 500 msec preceding the stimulus.
Visually distinct and statistically reliable perfor-
mance-related differences were first clearly ap-
parent in the interval centered 687 msec post cue,

Fig. 2. View of the significant ( P < 0.05) late CNV ERC patterns (colored lines). supenimposed on maps of late CNV amplitude.

Both ERCs and CNV amplitude measurements are from an interval 500-875 msec after the cue for subsequentlv accurate and
inaccurate right-hand (A.B) and left-hand (C.D) visuomotor task performance by 7 right-handed subjects. The thickness of an ERC
line is proportional to its significance (from 0.05 to 0.005). A violet line indicates that the ERC is positive, while a blue line indicates
that the ERC 1s negative. Because of the short ERC analvsis interval, time delays could not be computed for the CNV. The color
scale at the left of each picture represents wave amplitude and covers the range from the minimal to maximal values of the 2 maps.
ERCs involving left frontal and appropnately contralateral central and panetal electrode sites are prominent in patterns for
subsequently accurate performance by both hands. The magnitude and number of ERCs that precede subsequently inaccurate
left-hand performance are greater and are more widely distributed compared to the accurate pattern. For the right hand. fewer and
weaker ERCs characterize subsequently inaccurate performance. The amplitude maps are very simular for the 4 conditions and do not
indicate any of the specific differences evident in the ERC patterns.
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FABLE 11

Location of muximum exiting () and entening ( — ) current. and peak latency and amplitude at that site for the 2 P2

AS GEVINS BT AL

N

Pwaves ehicited

by feedback in accurate and inaccurate trials. Note that the site of maximum exiung current for accurate performance shifts from

mudline antero-central (aCz) to midline antero-parnietal (aPz) tn going from the early peak to the later component. Note also the larger

amplitude of the early wave for feedback to accurate performance and the late wave for feedbhack to maccurate performance.

Condiuon Early P3 ¢ P3E)

Late P3¢ P3LY)

Site of Latency Amplitude Site of Latency Ampiitude
maxinum (msec) (uV em™y maximum (maed) (uVoem’)
Accurate
Right hand aCz~ 320 4.7 aPz+ 461 a4
Fd - 289 - 23 Fi- (0 -20
Left hand aCz ~ 328 4.6 aPz 430 29
Fa- 303 -149 Fd- U0 -19
Inaccurare
Right hand aC’z - 3058 e aCz - J60 4.2
Fd4- 305 =22 F4 - SO0 -14
Left hand aCz ~ 28 R aCz 460 AN
Fd4 - 308 =22 Fd - SO0 -2

1.e.. 313 msec pre stimulus (Fig. 2). These ERC
patterns were quite distuinct from those related to
overt finger response pressures (part I).

During the period between the cue and the
stimulus, the averaged event-related muscle poten-
tial (right and left EMG) and eve movement
(vertical and honizontal EOG) channels were at
the noise level and did not differ between condi-
tions. These low levels confirmed that the ERCs
were neural in origin and were not associated with
overt movements (Fig. 3).

In the 687 msec centered interval, ERCs associ-
ated with subsequently accurate right-hand perfor-
mance involved sites pnimariiy over the left hemi-
sphere (Fig. 2A). All 24 significant ERCs involved
left-sided sites and 18 (75%) of these were exclu-
sively left-sided. The most significant ERCs in-
volved left frontal, central. and parietal sites.

The 687 msec centered pattern of subsequently
accurate left-hand performance involved a greater
proportion of right hemisphere sites than did the
accurate right-hand pattern (Fig. 2C). Of 18 sig-
nificant ERCs, 13 (72%) involved electrode sites
over the right hemisphere. There was only 1 left-
stded intrahemispheric covariance, between aPl
and F3.

During this same interval. there were only 2
significant ERCs associated with subsequently in-

accurate. right-hand performance. namely  left
parietal and antero-panetal to left trontal (Fig.
2B). ERCs for subsequently inaccurate left-hand
performance (Fig. 2D) were more bdaterally svm-
metric and complex than those for subsequentls
accurate left-hand performance.

For right-hand performances. the mean magni-
tude of event-related covariance in the 687 msec
centered interval was significantly larger when
performance was subsequently accurate (4.86 ~
0.34) than when it was subsequently inaccurate
(3.90 £ 0.41) (Swudent’s r=77. df =23 P<5x
10™%). By contrast. the mean ERC preceding ac-
curate left-hand performance (4.10 + 0.68) was
smaller than that preceding inaccurate left-hand
performance (493 =073 (1=35.6, df =38, P <5
x 107%).

We calculated the bootstrap correlation be-
tween the distributions of significant ERCs of
accurate or inaccurate conditions. to assess the
similarity of ERC patterns irrespective of the dif-
ference In magnitude. Right-hand. subsequently
accurate and inaccurate ERC patterns were corre-
lated at 0.57 + 0.09. while the correlation for the
left hand was 0.10 + 0.14. Thus, accurate and in-
accurate preparatory patterns differed in both
magnitude and pattern for both hands. The right-
hand correlation was quite high (0.57), given that
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Frgs 3 Averaged verucal and horizontal eve movement signals
during the peniod between the cue and the sumulus for night-
and left-hand trigls from 7 subjects (A). Averaged muscle
potential signals from rnight flexor digiton during the cue-to-
stmulus epoch By Musele potentials duning overt movements
were many tumes larger (C1 Averaged muscle potenual signals
from left flevor digitont showed the same relation. Since there
15 no evidence of eve or muscle mosements durning preparation
of cither the night- or left-hand. the ERC patterns in Fig. 2 are
not the result of overt movements.,

there were only 2 significant ERCs in the night
inaccurate pattern (Fig. 2B). This indicates that
the ordering of the non-significant ERCs in that
pattern was roughly similar to that of the accurate
pattern. and that the difference in magnitude was
the overriding effect.

We used statustcal puttern classification of
ERCs during the interval between the cue and the
stimulus 10 assess how  well the ERCs  dis-
criminated subsequent performance on a tnal-by-
triad basis. and to measure differences between
subjects. These results have been  described
clsewhere (Gevins et al, 1987) and are summarized
here.

ERCs from 6 of the subjects were used to
discriminate the subsequent accuracy of the re-
maining subject’s performance. This was repeated

7 umes. The ERCs shown in Fig. 2 were the
variables that we submitted to these discrimina-
tions. Using this leave-out-one-person validation.
both left- and right-hand overall classifications
(57% and 39% respectivelv) were significant at
P < 0.01. Six of the 7 subjects had sinular patterns
for right-hand discriminations. while there were 2
distincet groups for left-hand discriminations. For
the subject with the most tnalds. the single-subject
classification was 68% (P < 0.001) for subsequent
right- und 62% ( P < 0.01) for subsequent left-hand
performance (as deternuned by 5 leave-out-one-
fifth replications). Thus. the subjects” preparatory
patterns for both accurate and maccurate right-
hand performances were very similar. while their
left-hund patterns distinguished the subjects into 2
groups. More detailed analvss of individual sub-
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Fig 4. Beedback-evoked 1D wave forms at midhine aites for
left-hand accurate and mnaccurate performance tnals, showing
carlv and later. more long-lasting. P} waves. The early P}
(P s larger Tor feedback about avcurate than for feedback
about inaccurate performance. while the later P3 (P o
larger for feedback about inaccurate nerformance. Both com-
ponents can he seen clearly at some sites ancluding aPz o Thas
demonstrates that there are i fact 2 separate components and
nota single P2 whose latenes s shifted acdifferent sites




’

EVINS ET AL.

1

100L00LI

AS.(

100£0091

154

Apjep ocesw

(=l bE-91 §=0

eouparjiubis

LS

e b
243

gt b
043

-0!

GO

10080041

1009009

faoypiogDy
swaishs

o044




EVENT-RELATED COVARIANCES: PREPARATION AND FEEDBACK 1

ject data will be presented elsewhere (Gevins et al.
in prep.).

Feedbuck-locked wave forms

The 7-person averaged. unfiltered LD wave
forms (Fig. 4) contained ecarly peaks before 200
msec after the feedback. Theyv corresponded to N1
and P2 and were similar to those seen in the
stimulus event (see part ). A small peak, corre-
sponding to the N2 wave. was distinguishable at
about 250 msec. with entering current at the mid-
line antero-vccipital site and exiting current at the
lateral parietal sites (not shown).

Two closely overlapping late LD peaks. corre-
sponding to positive potentials, had differing
topographies in the different experimental condi-
tions. Theta band filtering accentuated the condi-
tion-specific differences of these wave forms by
removing the delta band portion of the wave form.
Table IT shows the sites of the maxima for current
sources and sinks of the positive peaks during
feedback about accurate and inaccurate right- and
left-hand performances.

There was a robust early *P3E’ peak at 281-328
msec during feedback about accurate perfor-
mance, with emerging current at all midline sites
and lateral parietal sites (maximal at the midline
antero-central site), and entering current at lateral
frontal sites (maximal at the right frontal site).
The later. wader *P3L" peak at 430-500 msec had
its maximal current source at the midline antero-
parietal site, and its maximal sink at the right
frontal site. The amplitude of the P3E peak was
larger than that of the later P3L.

[V
wn

Feedback about inaccurate performance was
also characterized by 2 peaks that occurred be-
tween 300 and 600 msec. The P3E peak. at 305-328
msec, was similar in topography to that of the
accurate performance. but had a lower overall
amplitude. The later P3L. at 460-600 msec. was
larger than that of the accurate performance. The
site of maximal exiting current for the P3L was
more antertor, at the midline antero-central site.
and its amplitude was larger than the amplitude of
the P3E.

For both accurate and inaccurate performance,
peak amplitudes at 500 msec durning feedback
about rnight-hand performance were larger at the
left rontral and left antero-central sites than at
corresponding sites of the nght hemisphere. Simi-
larly. amplitudes at 500 msec for feedback about
left-hand performance were larger at the night
antero-central site for accurate performance. and
larger at the right central site for inaccurate per-
formance.

Feedback-locked ERCs

In the interval spanning the early ‘exogenous’
N1 and P2 feedback peaks. ERCs from theta
band-filtered. averaged LD wave forms did not
differ according to accuracy of each hand and
resembled the early stimulus-locked patterns
shown in part L.

Differences between accurate and inaccurate
conditions began to emerge in the interval centered
at 281 msec that spanned the early P3 peak (P3E).
When the ERC patterns for feedback to accurate
and inaccurate performance were compared. the

Fig. 5. Most significant (top 2 S.D.s; within 2 S.D.s of largest value) earlv P3 (P3E) feedback ERC patterns for feedback about
accurate and inaccurate performance by the nght hand (A and B) and left hand (C and D). ERC patterns are superimposed on color
maps of wave amplitude. The thickness of an ERC line is proportional to the negative log of its significance (from 0.05 to 0.00005).
The color scale at the left of each picture represents wave amplitude and covers the range from the mintmal to maximal values of the
2 maps. Both the ERCs and amplitude maps are derived from a 187 msec wide interval. centered at 281 msec after the onset of
feedback, on theta band-filtered wave forms averaged over all 7 subjects. A major difference between accurate and inaccurate
patterns 1s that the left and mudline frontal sites are only involved in the inaccurate patterns. The involvement of these sites may
r~flect the fact that greater processing is required after inaccurate performance. in order 1o improve subsequent performance.

Fig. 6. Most significant (top 2 S.D.s) late P3 ERC patterns for feedback to accurate and inaccurate performance by the nght hand (A

and B) and left hand (C and D). Both the ERCs and amplitude maps are derived from a 187 msec wide interval, centered at 468 msec

after feedback onset, on theta hand-filtered 7-subject averaged wave forms. Involvement of the left parietal site. greater involvement
of the nght panetal site, and absence of the nght frontal site distinguished the accurate patterns from the inaccurate.
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bootstrap correlation was 0.36 = 0.35 for right-
and 0.73 + 0.05 for left-hand performance. The
ERC patterns for feedback about accurate perfor-
mance by the two hands (Fig. SA and C) were
highly similar (bootstrap correlation = 0.91 +
0.01). and involved midline antero-central, central,
antero-parnetal, panetal and antero-occipital sites,
left antero-panetal and antero-central sites. and
right parietal, antero-parietal, antero-central. and
frontal sites. These accurate patterns involved
manyv long-delav (32-79 msec¢) ERCs. The wave
forms of the frontal and antero-central sites con-
sistently lagged those of more postertor sites.

The ERC patterns during feedback about inac-
curate performance by the left and right hands
(Fig. 5B and D) were also very similar (bootstrap
correlation = 0.90 % 0.02). They involved most of
the same sites as the accurate patterns, with the
striking exception of the left and midline frontal
sites. Again, frontal wave forms lagged those of
the more postenor sites with which they covaried.
There were even more long-delay ERCs than in
the accurate patterns.

In the interval centered at 468 msec. spanning
the late P3 peak (P3L), the patterns for accurate
and inaccurate performance were still very differ-
ent (bootstrap correlation = —0.38 + 0.27 for
right- and 0.13 + 0.08 for left-hand performance).
The patterns during feeiback about nght- and
left-hand accurate performance had many sites in
common (e.g.. midline parietal, antero-parietal,
central, antero-central. and frontal sites. bilateral
parietal sites. and left antero-central and frontal
sites), although they were less similar than in the
early P3 interval (bootstrap correlation =0.58 =
0.06) (Fig. 6A and C). The absence of the right
frontal site from these patterns was conspicuous,
considering its prominence in the accurate pat-
terns from the early P3 interval. The inaccurate
patterns were also less similar than in the early P3
interval (bootstrap correlation = 0.77 + 0.04). They
differed from the accurate ones, particularly in
that the nght frontal site was involved. the left
parietal site was absent, and the right panetal site
was less involved (Fig. 6B and D).

Feedback patterns about left-hand accurate and
inaccurate performance had more ERCs than did
patterns during feedback about right-hand perfor-
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Fig. 7. Averaged veruical and hornizontal eve movement signals
from 7 subjects during feedback about accurate and inaccurate
left-hand performance.

mance. As was the case during the P3E interval,
the similanty of P3L ERC patterns between the 2
hands, regardless of performance accuracy, was
greater than between accurate and inaccurate pat-
terns for either hand. This implies that the feed-
back ERC patterns in both intervals were related
more to performance accuracy than to the hand
used.

Vertical and horizontal EOG channels were at
the noise level for all conditions of accuracy and
handedness (Fig. 7).

Discussion

Although the event-related preparatory and
feedback covariance patterns reported here appear
to represent signs of ‘functional coordination’ be-
tween nodes within a cooperative cortical network,
we must again caution that such an interpretation
is speculative until the generators of these patterns
are determined. With this in mind. we offer the
following comments on the results of this study.

Preparation
The prominence of the left frontal site in our
preparatory patterns prior to actual response ex-
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ecution by either hand is consistent with clinical
evidence that prefrontal cortical areas are involved
in the synthesis of preparatory sets (Luria 1966),
and that the left dorsolateral prefrontal cortex is
specifically involved in cued delayed response tasks
(Jacobsen 1935; Pribram et al. 1977; Shallice 1982;
Fuster 1984). Similarly, the prominence of the
midline central and antero-central sites suggests
the presence of an integrative motor component.
The involvement of these sites in the preparatory
patterns 1s consistent with clinical evidence for
involvement of the premotor and supplementary
motor regions when existing motor schemes are
initiated, or when new ones are established (Pen-
field and Jasper 1959. Goldman-Rakic 1984:
Milner and Petrides 1984. Goldberg 1985: Stuss
and Benson 1986). The integrative motor compo-
nent. strong in the pattern preceding accurate
left-hand performance and weaker in the pattern
preceding accurate right-hand performance. mav
indicate that a greater degree of motor control is
necessary when strongly right-handed subjects ex-
ecute a fine motor resporse with their left hands.
The existences of appropriately lateralized somes-
thetic and motor preparatory components are sup-
ported by experimental evidence for distinct firing
patterns of neurons in the motor and premotor
cortices preceding motor responses in non-human
primates (Evarts et al. 1984). The difference be-
tween ERC patterns corresponding to preparation
and to actual response execution (see part [) sug-
gests that they reflect different organizations of
neural activity.

The detailed spatial organization and interelec-
trode covariance of the late CNV clearly reveal
several anatomically and functionally distinct
processes. Although traditional CNV studies have
tended to view the CNV as a unitary brain process
that reflects anticipation of a response based on
the contingency between 2 stimuli (S1 and S2)
(Walter 1967; reviewed in Tecce 1972), there has
been growing evidence that the CNV is a mult-
component process (Ruchkin et al. 1986; Loveless
et al. 1987). There has also been some debate as 10
whether the CNV reflects only motor preparation,
or whether there is also a cognitive component
related to the expected stimulus (S2) (Gaillard
1977 (reviewed in Gevins and Cutillo 1986):

Rohrbaugh et al. 1980; Ruchkin et al. 1986). As
discussed above, the present results support the
idea that preparation is a multi-component pro-
cess that includes not only motor-somesthetic
preparation but also cognitive and high-level in-
tegrative motor components. Finally. inconsistent
results of previous studies that related the CNV to
the quality of subsequent performance could be
attributed. at least in part. to insufficient spatial
sampling and analysis (for recent examples. see
Macar and Vitton 1982; Macar and Besson 1986).

Our preparatory findings are consistent with
‘continuous flow’ models of the temporal organi-
zation of human cognition (Frikson and Schultz
1979: Coles et al. 1985). The tempora!l evolution of
the ERC patterns that follow the cue indicates
that response preparation begins with evaluation
of the cue. well before stimulus presentation. Like
previous workers (Rohrbaugh et al. 1976: Coles
and Gratton 1986), we found a slightly larger
CNV amplitude over motor areas contralateral to
the subsequently responding hand. The paper by
Coles an¢ Gratton demonstrated that the response
is moru likely to be made with the correct hand
when the CNV is lateralized contralaterally, rather
than ipsilaterallv, to the hand indicated by the
stimulus. The ERC patterns appear to be more
sensitive to preparatorv set than do amplitude
patterns; thev clearly distinguished subsequent
near-target (accurate) from far-from-target (inac-
curate) index finger pressures. both of which were
performed with the correct hand.

Feedback

The ERC patterus of both the early and late P3
peaks in the feedback interval appeared to reflect
a difference between ‘confirming’ (following accu-
rate performance) and ‘disconfirming’ (following
inaccurate performance) feedback, with a greater
difference for the later peak. In the early interval,
the main difference between the confirming and
disconfirming patterns was that all frontal sites
were involved in disconfirming feedback. whereas
the left and midline frontal sites were absent for
confirming feedback. For the late peak. the left
and midline frontal sites. as well as the left parietal
site, became involved in the pattern for confirming
feedback. and the nght frontal site was no longer
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involved. The patterns from the late interval for
disconfirming feedback were quite different from
those of the early interval. although the changes
were different for the 2 hands.

ERC patterns for P3 peaks that followed dis-
confirming feedback involved more frontal sites
than did patterns that followed confirming feed-
back. We would expect a greater resetting of per-
formance-related neural systems following discon-
firming feedback. as well as a strong frontal in-
volvement. given the importance of the frontal
lobes for the integration of sensory and motor
activities (Fuster 1984; Stuss and Benson 1936).
The difference between right- and left-hand pat-
terns was greater for the late than for the early
peak. with both left-hand patterns having a greater
number of ERCs than the right-hand patterns.
This suggests that in the right-handed subjects of
this study, resetting these svstems after left-hand
performance required more processing during the
late peak.

Prior experiments dealing with feedback-evoked
potentials have shown differences in P3 latency
between confirming and disconfirming feedback
to auditory stimuli, with confirming feedback
eliciting a short-latency P3. and disconfirming
ferdback eliciting a long-latency P3 (Squires et al.
1973). The latency of our early P3, however. did
not vary with feedback conditions as it did in
previous studies, and our late P3 for disconfirming
feedback was delayed only about 30 msec. Rather,
the late P3 LD peak at the site of maximum
exiting current was larger than the early P3 peak
during feedback about inaccurate responses, but
was smaller during feedback about accurate re-
sponses (Fig. 4). The major difference between
confirming and disconfirming feedback wave
forms in our study, therefore, was related to the
relative amplitudes of the early and late P3 peaks.
rather than to their latency.

The P3 peaks in our data relate to late positive
waves reported in other studies on feedback about
accuracy. From studies of time estimation, John-
son and Donchin (1978, 1985) concluded that the
early P3 is associated with the identification and
classification of the feedback, while the later P3 is
associated with the utilization of feedback infor-
mation in the reinforcement or revision of the
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response (time estimate). In other studies, particu-
larly those in which monetary bonuses served as
an incenuve for good performance (e.g., Poon et
al. 1974: Steinhauer 1981), the second positive
wave was attributed in part to additional process-
ing (such as assessing current assets), once the
nature of the feedback has been determined. Like-
wise, Stuss and Picton (1978) suggested that serial
processing, i.e.. recognizing the meaning of a
feedback stimulus. followed by using that infor-
mation, is reflected in a P3 component followed
by a long-latency. broad duration. later compo-
nent (which they termed "P4’). The increasing
divergence over time of confirming and discon-
firming feedback ERC patterns is consistent with
the general conclusion of these researchers that
the second late positive wave is related to utiliza-
tion of information extracted from the feedback
stimulus.

Conclusion

Using modern recording and signal processing
technologies, we have attempted to improve the
spatial, temporal. and neurocognitive specificity of
earlier studies. In the spatial domain. we increased
the number of channels recorded simultaneously
and reduced volume conduction blurring. Even
with these advancements. the specificity of the
results suggests that a further increase in spatial
sampling will be beneficial. In the temporal do-
main, we measured shifts on the order of tens of
milliseconds between event-related peaks of differ-
ent channels. Since the analysis was restricted to
specific frequency bands. there is a wealth of data
in other frequency regions and their accompany-
ing time intervals, that has vet to be explored.

We have isolated specific cognitive processes
related to different events in the 4 sec tral, using
highly controlled tasks. The time evolution of
ERC patterns over the course of the whole 4 sec
trial should provide deeper insight into the neuro-
cognitive processing involved. In light of the strik-
ing findings reported here and in part I, determin-
ing the generators of scalp-recorded event-related
covariance patterns is the next essential step in
charactenizing the dynamic functional cortical net-
works that underly cognition and behavior.
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Abstract—This paper reviews the application of neural-aetwork (NN)
signal processing methods to neuroiogical waveform detection and pat-
tern analysis. NN methods are shown to be an exceilent way of incor-
porsting expert knowiedge sbout the brain into a mathematicai frame-
work with minimal assumptions about the statistics of signals and noise.
Coanstrained by expert knowiedge, NN algorithms cas search for op-
timal or near-optimal connections between, and weightings of, appli-
cation-specific features in data spaces for which bumsn knowiedge is
incompliete.

Applying NN aigorithms to electrical signais noninvasively recorded
from the human brain, the neurological effects of different types of
sieeping pills have deen differentiated, and insights have been gained
as to how our brains produce higher cognitive functions. Other signal
processing problems with highly dimensioned noisy data may be ame-
aable to similar solutions. However, the importance of application-spe-
cific constraints in solving reai-worid probiems should not be under-
estimated.

INTRODUCTION

XTRACTING useful information from neuroelectric

data recorded at the scalp requires a complex, and
often unknown, series of processing operations. This is a
multidimensional signal processing problem in which the
signal and noise have unknown but similar statistics, in
which the noise generally is significantly stronger than the
signal, and in which the signal dimensions are smeared
because of spatial crosstalk.

Because of the difficulty of brain signal analysis, con-
ventional open-loop analyses are often insufficiently sen-
sitive. Prior selection of the signal features either solely
by *‘blind’* application of statistical procedures or solely
from expert opinion may not differentiate disease pro-
cesses or discriminate the conditions of an experiment. In
the former case, statistical features which maximize some
criteria, such as the amount of variance explained, may
be irrelevant for distinguishing clinical categories or ex-
perimental conditions whose means overlap. In contrast,
while expert knowledge is invaluable for the initial choice
of appropriate measurements and for the final interpreta-
tion of results, features chosen by experts may be highly
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the Nstional Institute of Neurological and Communicative Diseases and
Stroke, the U.S. Air Foree Office of Scientific Research, and the Nationai
Science Foundauon.
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94103.

LEEE Log Number 8821367.

correlated with each other and therefore not effective in
combination. While experts may have a good intuitive
grasp of multidimensional patterns, they cannot deter-
mine the best combinations of features from a superset of
features to characterize thousanc's of millions of data sam-
ples. Furthermore, the brain’s .~tual comrzional al-
gonithms underlying experts’ decisions (as opposed to ex-
perts’ English language descriptions of the rules they use)
are not often available for inspection since they are coded
in the ‘‘wetware’" of the brain.

We have found iterative neural-network (NN) proce-
dures to be useful in overcoming these limitations when
analyzing neuroelectric signals from the human brain [2]-
{5]. Constrained by expert knowledge, these techniques
search for optimal or near-optimal connections of, and
weightings between, application-specific features in data
spaces for which human knowledge is incompiete [18].
However, in our experience, it is not useful to feed large
sets of data into a neural net without constraints or guid-
ance since our noisy, multidimensional data require the
determination of combinations of a relatively small num-
ber of features (feature subsets) in order to generalize
classification past the training data set. '‘Hidden units™
in NN explicitly test combinations of features for discrim-
inative power, but a combinatorial explosion is encoun-
tered when exhaustively selecting a small number of fea-
tures from a larger set. A fully connected Hopfield-type
network seemingly obviates the need for feature selec-
tion, but practical experience with noisy and time-varying
experimental data suggests that resultant classification
networks are likely to be far from optimal. In particular,
Hopfield networks are likely to settle into local minima in
these instances, even when simulated annealing methods
are used. Muitilayer perceptrons employing gradient
search methods are prone to similar difficulties.

Our approach has been to use NN's to select combina-
tions of application-specific features from larger sets cho-
sen by experts (or expert systems) [6]-{13]. Big prob-
lems, such as discriminating the brain state corresponding
to good and poor performance, are divided into subprob-
lems. Small candidate sets of features are selected for the
subproblems by reference to brain gnatomy and neuro-
physiology. NN's are then sequentially applied to each of
the feature sets. Network topology is determined by prop-
agation of classification error back to connections and

0096-3518/88/0700-1152801.00 © 1988 IEEE
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Fig. 1. Neural network (NN) for feature extraction and classification. Per-
formance of this network s fed back to guide fearure selection.

weighting of hidden units during training mode operation
{16], [19]. To generate each network, the algorithm iter-
ates a two-step procedure (Fig. 1). First a ‘*‘network loss"’
is calculated for a two-layered network consisting of hid-
den threshold logic units (TLU’s) previously chosen and
each possible new hidden unit. Candidate TLU's are gen-
erated by the exhaustive enumeration of all feature sub-
sets of a given size and computing a simple statistical
classifier for each. The network loss is a function defined
to reflect both the quantity and severity of classification
errors. Error correction is propagated back to network pa-
rameters by minimizing this measure of the difference be-
tween desired and actual output. This process iterates un-
til adding more units does not result in significant
improvements. Far most of the applications described
here, several hundred patterns are used to select a final set
of about six hidden units for each of up to several hundred
subprobiems. Independent data are then passed through
the network to test the validity of the final network equa-
tions. The significance of this test is determined by the
binomial distribution and by comparison to results ob-
tained when data of random class are passed through the

network. The performance of each network is fed back to
guide feature selection. Several hundred thousand of these
network configurations are trained to test possible feature
subsets for each subproblem of each application. The final
network parameters frequently yield useful information
about the relevance of each feature for classification.

While larger networks (such as a three-layer perceptron
with backward propagation and a sigmoid nonlineanty)
can generate more complicated decision surfaces, we have
found the critical practical problem to be the estimation
of network parameters from noisy data. This problem is
not solved by a more compiex network, but can instead
be treated with classifier-directed feature selection meth-
ods. Evaluation of hundreds of thousands of simpler clas-
sifiers results in small feature subsets which generalize
well to new data in the presence of noise.

APPLICATIONS OF NEURAL-NETWORK SIGNAL
PROCESSING TO BRAIN RESEARCH

Over the last ten years, we have found this approach to
be useful in our multidimensional signal processing work
with signals of unknown characteristics and signai-to-
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noise ratios well below one. We now review some of these
applications.

A. Waveform Detection

1) Contaminant Detection—Replacing ad hoc Detec-
tors: The characterization of infrequent, morphologically
vanable transient events, such as contaminants arising
from eye blinks, eye movement, or muscle potentials, is
an essential component of neuroelectric signal analysis.
Accordingly, a great deal of energy has been expended
over the years in efforts to automatically detect these phe-
nomena, but with mixed resuits (see review in Barlow
(.

We have implemented an NN systemn for automatic re-
jection of contaminants of neuroelectric signals [5]. Ex-
pert knowledge of contaminant types is represented by
training data which have been hand marked. rather than
by explicit descriptions of the features a human uses to
detect these events. These hand-marked data are used to
train multilayered networks which are used to distinguish
clean from contaminated data.

Parallel layered-network detectors are each specialized
for a different type of contaminant (Fig. 2). Three of the
detectors incorporate the layered NN classifier of Fig. 1
to choose and weight feature combinations. In this way,

sole reliance on ad hoc waveform detectors and manually
set thresholds is replaced by a precise automated proce-
dure. One detector uses low-frequency, neuroelectric sig-
nal power spectral density, cross-spectral density between
neuroelectric signals and horizontal and vertical eye
movement signals, and correlation coefficient between
neuroelectric signals and vertical eye movement signals
as features to detect eye blinks and eye-movement con-
tamination. Another layered-network detector uses neu-
roelectric signal power spectral density, zero-lag autocor-
relation, and the first-order AR predictor coefficient as
candidates for muscle potential and steady-state high-fre-
quency instrumental contamination. An optional third de-
tector uses the same type of features for other types of
contaminant that users wish to train the machine to reject.
Features are evaluated over half-second intervals every
125 ms of the time series. Classification decisions are
made every 125 ms using a nonlinear interpolation of
neighboring decisions. Several thousand segments are
used for each training class, and an equal number for each
test class.

For each detector, the final feature subset was deter-
mined by an exhaustive search for subsets of plausible
features. Each possible subset was trained and then tested
on independent sets of hand-marked data from one or more
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subjects. The resulting networks were then used for clas-
sification with other data from the same or new subjects.
The system frequently finds contaminants which would be
difficult to detect with any static setting of signal ampli-
tude thresholds. Fig. 3 shows a sample eye-blink contam-
inant and two channels of time series which were marked
by the system. While the first channel could easily be re-
jected by a simple fixeu-amplitude threshold detector, the
second contains contaminated varniance ‘‘buried’’ in the
neuroelectric signalis.

In practice, the automated system performs a first pass
through the data, replacing one of the two human scorers
who formerly hand marked the data. A human scorer then
rapidly reviews the system'’s decisions. Routine use of this
system over the last two years has reduced by a factor of
15 the man hours required to edit contaminated data from
recordings with up to 64 channels.

2) Evoked Potential Estimation: Evoked potentials
(also called event-related potentials or ERP’s) are neuroe-
lectric signals which are time registered to an experimen-
tal stimulus or a subject’s response. Because the ampli-
tude of these stimulus or response-related neuroelectric
signals can be smaller than the neuroelectric activity un-
related to the expertmental events, signal processing must
be used to extract estimates of their waveforms. For those
cases where the timing and morphology of each evoked
potential has some similarity over many stimulus presen-
tations (trials), a simple average will improve the signal-
to-noise ratio by a factor of the square root of the number
of tnials. However, real evoked potentials frequently vary
significantly in both respects, leading to a requirement of
many stimulus repetitions before a useful average can be
obtained. Many methods exist for computing improved
estimates of averaged event-related potentials, given some
assumptions about the underlying signal charactenstics
[17]. For many of our experiments on higher cognitive
brain functions, we cannot assume that stimuius-related
signals are measurable in every trial nor can we presume
much knowiedge about statistical properties of event-re-
lated signal and unrelated ‘‘noise.’’ We have developed a
method using NN's for averaged ERP estimation without
the first assumption. and with minimal assumptions about
signal and noise properties [9]. In particular, we assume
that the noise process is roughly stationary, and the non-
stationary signal process can be time registered to an ex-
ternal event. We can then synthesize a stationary noise
process with statistics very close to those of the actual
notse by randomizing the start point of the analysis inter-
val for each trial. Since the nonevent-related potentials
are stationary and the power in an individual trial is pri-
manly nonevent-related (SNR << | over the trial), the
synthesized ensemble has statistics quite close to those of
the *‘noise.’” Discriminability of the time-registered trials
from this ensemble can be taken as a measure of signal
strength.

We have used NN procedures to select triais with dis-
criminable event-related signals in a defined time interval
by attempting to discnminate the set of time-registered
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inant detected by NN system of Fig. 1. (a) The vertical eye movement
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the just-prior uncontaminated signal has a larger amplitude than the con-
taminant.
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trials from the set of artificially made *‘noise’" trials (Fig.
4). The layered-network classifier of Fig. 1 is used to find
those tnals (time registered to a stimulus) which have a
consistent event-related signal in an interval of interest.
This is done by comparing the ensemble of candidate trials
to the ensemble of ‘‘noise’’ trials synthesized from the
same data. ‘‘Enhanced’’ averages are then formed from
the selected signal-bearing tnals.

For each neuroelectric signal channel, an equation was
denived which discriminates the *‘noise’” trials by apply-
ing the NN algornithm to a prelabeled training set consist-
ing of two-thirds of the total trials. The equation was
tested on the remaining third of the trials. This procedure
was repeated for each third of the data (using the remain-
ing two-thirds for training). This multiple partitioning, or
jackknife cross validation, reduced sampling error due to
test set selection. If overall classification was significant,
trials which were classified as containing event-related
signals were then selected. The averages computed from
these trials show enhancement of evoked potential peaks
in the chosen interval (Fig. 5). In the example shown in
the figure, the positive peak 391 ms after the stimulus
(P391) is 31 percent larger in the enhanced average. The
averages of unselected trials are reiatively flat in that in-
terval.

Thus, using an NN procedure to reject realizations with.

a low signal-to-noise ratio, the estimate of a consistent
signal component may be enhanced without prior assump-
tions about the statistical properties of the signal and noise
inherent in techniques such as minimum mean-square er-
ror (MMSE) filtering. When knowledge of the signal is
limited, this approach can still be used to pick realizations
which maximally differ from the ongoing noise.

B. Feature Extraction

Neuroelectric signals are sensitive indexes of the cen-
tral nervous system effects of psychotropic medications,
and have proven useful in distinguishing broad classes of
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Fig. 5. Averaged stimulus-registered visual ERP waveforms obuined by
presenting a sumulus 85 times (top), enhanced average resulting from
NN seiection of those stimulus trials with detectable event-related brain
signals (center), and average of trials without detectable signals (bot-
tom).

drugs such as stimulants, sedatives, antipsychotics, etc.,
[14], [15]. The problem of distinguishing subtypes of the
same class of drugs is more difficult, however. As in other
applications, the major problem is choosing the most ef-
fective subset of signal features from a large candidate
population. As a contribution to this area, we have used
NN techniques to select subsets of neuroelectric spectral
features which could distinguish each of three benzo-
diazepine sedative hypnotic drugs (sleeping pills) from a
placebo [5]. This resulted in a set of feature *‘signatures™
which characterize the effects of each of these drugs.
The effects of multiple therapeutic doses of three ben-
zodiazepines (quazepam, triazolam, and flurazepam) on
periods of slow wave, nonrapid-eye-movement slecp were
assessed. Such periods from all-night sleep recordings of
eight healthy men were spectral anaiyzed. and the data of
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cach drug were compared to the placebo using the NN
algorithm described above. Equations were developed and
validated which characterized the effects of the drugs on
the eight subjects.

Spectral bins from 0.5 to 15.5 Hz in 0.5 Hz steps rep-
resented the average spectral intensity for a specific fre-
quency component during a given 16 s interval. Fig. 6
shows stacked spectral displays for the three drugs and
the placebo from one of the eight subjects. A decrease of
the delta and theta bands (0.5-3.5 and 4-7.5 Hz, respec-
tively) and increase of the sigma band (12-14.5 Hz)
spectral intensity existed for all drugs. However, it is dif-
ficult to make precise comparisons between the drugs from
this sort of visual display, and the eight subjects differed
considerably. Furthermore, the mean spectral intensities
were not significantly different between drugs.

Using the layered-network algorithm described above,
we Jetermined which of the seven 0.5 Hz components of
each of three conventional frequency bands (called deita,
theta. and sigma) were optimal for discriminating each
drug from placebo. Then the seven best frequency com-
ponents (three delta. two theta, two sigma) were com-
bined in a single analysis called the ‘‘full-spectrum’™
analysis.

For each of the four sets of spectral measures (deita,
theta, sigma, full spectrum), for each of the nine hy-
potheses (each of the three drugs versus placebo in each
third of the evening), each subject’s drug and placebo
spectral intensity observations were converted into stan-
dard scores {0 mean and unit variance) in order to reduce
the effect of irrelevant differences in overall signal ampli-
tude between subjects. Each standardized spectral esti-
mator for each drug was then discriminated from the pla-
cebo, yielding a percent accuracy of discrimination. The
discriminating equations were validated using three leave-
out-one-third replications as described in the section on
evoked potential estimation. The significance of the clas-
sification accuracies was determined by reference to the
mean and variance of nine ‘‘pseudoclassifications.’’ A
pseudoclassification consisted of attempting to discrimi-
nate the placebo spectral observations of one-third of the
night from those of another third. An index of a drug’s
effect, from O to 100 percent, was formed by subtracting
the expected placebo-versus-placebo from the drug-ver-
sus-placebo classification accuracy, and then dividing the
maximum possible drug-versus-placebo minus placebo-
versus-placebo accuracy. For example, if the drug-ver-
sus-placebo accuracy was 75 percent, and if the placebo-
versus-placebo accuracy was 51 percent, then the percent
drug effect would be (75-51)/(100-51) = 49 percent.

The spectral signature of each drug was determined by
extracting the weightings given to the individual fre-
quency components of significant drug-versus-placebo
equations. This was done by weighting each feature in an
equation by: 1) the relative size of its discriminant func-
tion term. 2) the relative size of its TLU. and 3) the neg-
ative log of the significance of the equation.

All three drugs differed markedly from the placebo dur-
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ing each third of the evening. Flurazepam had the largest
effect on the full spectrum of neuroelectric frequency
components; quazepam and triazolam had smaller, equal
effects. All drugs reduced delta and theta band, and in-
creased sigma band spectral intensity, but to differing de-
grees and with their own characteristic spectral signa-
tures. For instance, quazepam'’s signature (Fig. 7) was a
predominant increase in the 12 Hz and a decrease in the
7.5 Hz components. The derivation of such a ‘‘spectrai
signature’’ as well as a single index of the overall drug
effect is characteristic of NN signal processing analysis
methods. the features chosen for discrimination can them-
selves be as instructive as the resulting classification. In
particular, since the candidate features were transformed
to standard scores, the feature weights suggest the relative
imponance of each feature.

C. Pattern Classification and Brain State Prediction

The measurement of spatiotemporal neuroelectric pat-
terns related to higher cognitive brain functions is a par-
ticularly difficult signal processing problem. The essential
difficulty is a low SNR confounded by a plethora of pos-
sible signal features. In applying NN techniques, the goal
is to physically interpret the selected features, the classi-
fication equations, and the relative classification perfor-
mance between spatial and temporal constraint groups.
When NN's are used to study the brain mechanisms of
higher cognitive functions, interpretation of the classifi-
cation equations can be more important than optimizing
the accuracy of classification for differing cognitive tasks.

In our current use of NN to study cognitive functions,
inputs to the networks consist of parameters derived from
brain signals measured at up to 64 locations on the scaip
of people playing specially contrived video-type games.
In a typical experiment, about a gigabyte of raw brain data
is recorded. from which several thousand replications of
a thousand or so signal features are computed. Outputs of
the networks consist of decisions as to which functional
brain state the brain signal parameters represent. The con-
nections and weights of the networks are interpreted to
answer hypotheses about brain function. Neurological
interpretation of the network parameters is made possible
by using specific constraints, based on the anatomy of the
cerebral cortex, for each of the networks. These con-
straints also permit an exhaustive search for globally op-
timal TLU's by reducing the number of combinations of
brain signal features to a computable amount.

Fig. 8 shows the results of this analysis in a recent ex-
periment [10], [12]. By extracting just those brain signals
related to subjects’ preparation to react to a number on a
video screen, we found that certain areas of the brain ap-
peared to be coordinating themselves in anticipation of
the forthcoming numeric stimulus. We call these patterns
‘‘preparatory neural networks.’’ and they are shown in
Fig. 8 as hatched lines connecting different points on the
head. The areas of the brain that appear to be imporant
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—

in preparing for good performance are known as the left
prefrontal cortex (the '‘cognitive sequencing'" area), the
midline premotor cortex ‘the area which is the '‘execu-
tive'" of all voluntary movements). and the motor and
parietal cortices (areas involved in controlling finger
movements and feeling the pressure of the response but-
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Fig. 8. Panterns of '‘preparatory neural networks’'showing apparent co-
ordination of certain areas of the brain in anticipation of a forthcoming
numenc sumulus.

ton against the finger). When these areas are not involved
or not well coordinated during preparation, the subject’s
performance is likely to be inaccurate. Many errors, it
seems, are predetermined by the failure to establish a
proper preparatory network during the split second before
the task. These preparatory networks are thus an indica-
tion of the importance of the human brain’s ability to cre-
ate and constantly update models of itself and the external
world.

Obuaining this result required using the NN procedure
in a number of ways. First, trials with detectabie signals
were selected using the evoked potential enhancement
technique described earlier. After a spatial Laplacian was
calculated for each channel, between-channel covariances
were computed across 375 ms intervals for trials low pass
filtered at 3 Hz. Covariances for decimated time points
prior to the stimulus in each trial were considered possible
features to distinguish subsequent performance accuracy.
The combinatorial problem of selection of a subset of
these features was reduced to only considering those co-
variances which were statistically significant in a previous
analysis of filtered, enhanced averages. Analyses were
done for seven subjects, both as a group (equations formed
from six of the subjects, and tested on the seventh), and
as individuals (classification of one-fifth of the trials using
equations from the other four-fifths. repeated over all
fifths). The overall discrimination of subsequently accu-
rate from subsequently inaccurate trials for the group was
59 percent, which was significant at the 0.01 level for the
number of feature patterns used. For the one subject with
most trials, the average correct classification was 68 per-
cent, which was significant at the 0.001 level. In other
words, given a general superset of likely features, the NN
algorithm was able to choose features which in combi-
nation would predict subsequent accuracy of performance
on the task up to about two-thirds of the time. Both the
significant levels of these classifications and the spatial
specificity of the features selected to achieve the classifi-
cation were consistent with a view that specific, spatially
coordinated ‘‘neural preparatory sets’’ arc an important
determinant of the accuracy of human visuomotor perfor-
mance.

In another experiment, we found neuroelectric pattern
changes which preceded detenoration of performance as
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subjects performed difficult concentraton tasks for many
hours [13]. Five fighter test pilots performed difficult vi-
suomotor-memory tasks during a 10-14 h period. The NN
pattern classification methods described above were used
to measure the effects of prolonged concentration, and
particularly to search for neuroclectric indicators which
predicted the onset of deteriorating performance. The time
series for each single trial was processed with a spatial
Laplacian, and with a temporal low-pass filter with a cut-
off of 3 Hz. Decimated intervals of length 0.5 s from each
channel’s time series were used to compute covariances
between all pairwise combinations of the 18 neuroelectric
signal channels. In the pilot with the most data, leading
indicators were found which distinguished fully ale:t and
incipiently impaired sets of trials with equally accurate
performance 81 percent of the time (average of five leave-
out-one-fifth validations). This initial resulit suggested that
similar methods could be used to develop an on-line wam-
ing system so that people engaged in hazardous or critical
work would be alerted to the possibility of impaired per-
formance due to mental fatigue.

DiscussION

We have described several applications of NN signal
processing methods in which success of the application
required more than a clever NN algorithm. In particular,
expert specification of application-specific constraints,
statistical procedures for generating reference noise dis-
tributions, and statistical procedures for checking validity
and reliability were required. NN algorithms, when cou-
pled with these and other analogous methods. may prove
to be generally useful in signal processing. They can also
serve as an explicit description of the parallel implemen-
tation of pattern recognition algorithms for a hardware re-
alization.

In considering these methods, we should not confuse
the term ‘‘neural network'’ with how a human brain ac-
tually works. The human brain accomplishes its prodi-
gious feats of perceiving, thinking, and acting with some-
where between 10''-10'? processing elements (neurons).
A substantial subset of these elements (the pyramidal cells
of the neocortex with their complex processing capabili-
ties and connections with up to 50 000 other neurons) are
more comparable to mainframe computers than they are
10 the op-amp model neurons of current NN algorithms.
The human brain's processing elements are organized into
several hundred major divisions, each compnsed of mil-
lions to billions of neurons. These divisions are in turn
organized into a few dozen major functional systems that
perform such functions as analysis of light and sound and
pressure to the body surface, control of muscles. linguis-
tic encoding and decoding, and generation of models of
self and world. Adaptive, purposive behavior is found at
all levels of organization of the brain, down to the indi-
vidual neurons themselves. Roughly three-fourths of the
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brain is concemed with higher associative and executive
functions not directly connected with processing sensory
data and executing motor responses.

Consideration of the human brain thus suggests the need
for quotation marks when referring to NN signal process-
ing and pattern recognition systems as being *‘brain-like."’
Although there is no harmm in giving anthropomorphic
names to our algorithms and systems, it is not helpful in
the long run to lose sight of the vast difference in scale
and capability between the machines we create and the
apparatus with which we create them. Our Al and our NN
systems have ‘‘intelligence’’ in the same sense that a
broad jumper could said to be flying (Chomsky, personal
communication, 1984).

The lesson from real brains for designing better NN sig-
nal processing systems is the apparent necessity of devot-
ing 2 major amount of resources in a seif-organizing sys-
tem to higher level executive functions that generate
models of the system and the world external to it. In prac-
tical terms, this suggests a union of Al and NN systems,
the context and goal direction being specified by the for-
mer and feature extraction and pattern recognition by the
latter. In a limited way, such a union was required to make
each of the sampie applications reported here work well
enough to be practical.

CONCLUSIONS

We have reported four applications in brain research of
NN signal processing and feature analysis:

1) contaminant detection for replacement of ad hoc de-
tectors,

2) waveform detection for evoked-potential estima-
tion,

3) feature extraction for identification of characteristic
*‘signatures’” of different sleeping pills,

4) pauern classification and state prediction for mea-
suring human cognitive brain functions.

Analyses in these areas have traditionally depended
heavily upon either expert selection of features or on rote
appilication of statistical methods. The major significance
of NN methods is that they provide an cffective way of
incorporating expern knowledge in a mathematical frame-
work. The resulting blend has solved problems that were
difficult to solve previously. The approach described here
may well be applicable to many problems in signal inter-
pretation.

Finally, we summarized the implications of current
knowledge about brain function for computer engineers
interested in using artificial neural network signal pro-
cessing.

1) 10 000 op-amps do not make a brain. A better elec-
tronic analogy of a human brain would be a hundred bil-
lion mainframes, essentially globally connected, each
running the correct program.

2) While low-level networks are important for both
neural systems and engineering applications, the example
of the human brain suggests that seif and world models

generated by high-level executive systems are critical to
system function.
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In seven right-handed adults, the brain electrical parterns before accurate performance
differed from the patrerns before inaccurate performance. Activity overlving the left
frontal cortex and the motor and parietal cortices contralateral to the performing hand
preceded accurate left- or right-hand performance. Additional strong activity overlying
midline mc-or and premotor cortices preceded left-hand performance. These measure-
ments suggest that brief, spatially distributed neural activity patterns, or “preparatory
sets,” in distinct cognitive, somesthetic-motor, and integrative motor arecas of the
buman brain may be essendal precursors of accurate visuomotor performance.

REPARATORY SET FOR HUMAN VI-
P suomotor performance, defined as a
state of readiness to receive a sumulus
or make a response (1), has been studied by
a vanery of disciplines. Temporal propernes
of prepararory sets have been measured in
informanon-processing  studies. bur such
studies have not focused on the underiving
neural svstems (2). Spamal properues of
preparatory sets measured in cerebral blood
flow studies have revealed increased meta-
bolic acuvity for sensorv-specific focus of
artenuon 1n superior prefrontal, mudfrontal,
and anterior panietal cortices (3). These
studics have been limited. however, by the
temporal resolution (1 minute or longer; ot
bicod flow measurement techmiques. Clini-
cal neuropsvchological studies have demon-
strared that behaviors requiring preparatory
sets (4) relv on intacy lateral frontal regions
{5), but vanabilitv in size and locadon of
lesions has limited the spadal specificity of
such studies in localizing normal functon.
And although scalp-recorded brain electrical
and magnenc recordings provide both spa-
ual and temporal informadon on neural
acuvity underiving preparatory sets, studies
of the contngent negative variation (CNV'),
an event-related brain potenual component
thought to be related to preparatory set,
have often vielded controversial or ambigu-
ous results (6).
Recording from 26 clectrodes and using
several signal-enhancing procedures, we

measured the rapidly changing spawal pat-
terns of mass neuroclectric acuviny associat-
ed with preparation and execution of precise
nght- and lefr-hand finger pressures in re-
sponsc to visual numeric sumuli. We found
differences occurring during the presumulus
period between parterns associated  with
subsequently accurate and inaccurate per-
formance. These group differences allowed
discnmination of subsequent performance
accuracy for both hands of individual sub-
jects. Thus, a spadally specific, mulucom-
ponent neural preparatory set. composed of
an invanant left froneal component and
hand-specific central and panetal compo-
nents, mav be essennal for accurate perform-
ance of certain tvpes of difficuir visuomotor
tasks.

Seven healthv. right-handed male adults
were recrutted from the communinv and
paid for their parncipanon. They were re-
quired to exert rapid, preciselv graded pres-
sures (forces from 0.1 to 0.9 kg) followed by
immediate release, with right- and left-hand
index fingers In response to visual numenc
samuli (numbers 1 to 9). The sumulus was
presented randomlv on successive tnals 1
second after a cue (the lerter V lasung 0.3
second) that was slanted at a 30° angle to the
nght or left to indicate the required re-
sponse hand 7. In “respond” mals, the

EEG Svstems Laboratorv. 1855 Foisom Street. San
Francisco. CA 94103
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samulus was slanted in the same direction as
the cue, and the subject was to respond
quickly with finger pressure of the indicated
hand, with 1 force corresponding to the
sumulus number on a linear scale from 1 to
9. In a random 20% of the tals, the
sumulus was slanted opposite to the cuc and
the subject was to make no response. These
muscued “carch” trals ensured thar subjects
atrended to the cues and samuli. To help
subjects calibrate theit (esponses, the pres-
sure produced was displaved 1 second after
completion of each response (8).

Brain potenaals from 26 scalp clectrodes
(9), vertcal and horizontal eve movernent
potenaals, and Hexor digitont muscle poten-
tals were recorded onto magnenc tape at
128 Hz rrom 0.73 second before the cue to
1 second arter reedback , /0). The Laplacian
operator, a spaual pattern enhancement
technique, was applied to the brain poten-
dals at everv ume point to reduce the blur
distorton that resuits as potenuals are wans-
mutted from the brain to the scalp (11). Two
independent raters edited the dara for aru-
tacts by visual inspection of brain, eve move-
ment, and muscle potenaal polvgraph chan-
nels. Trals with arufacts due to eve move-
ment, head or electrode movement, or scalp
muscle contaminaton were eliminated, as
were ials with slow, bimodal. or delaved
responses, or with flexor digitorum acuvity
between the cue and the samulus.

The remaming tmals (60%) were then
sorted for response accuracv, and the two
sets of mals were balanced according to a
number of criteria to avoid confounding
pertformance vartagons due to transitorv and
longer lasung changes in arousal and leamn-
ing with naccuracy per se. Accurate and
inaccurate dara sers consisted of mals in
which the error (devianon from required
pressure; for cach subject was, respecavely,
less and greater than his mean error over all
remamung trials (12). Mean reacoon dme,
averaged across all subjects, was consistent
among hand and accuracy condidons (610
to 618 msec).

To quanarare the clectrical activity of the
brain, we measured the covariance (similar-
ity ot wave shape) between different pairs of
clecrodes over briet segments (187 or 375
msec) of event-related (cue, sumulus, re-
sponse, feedback) wavetforms averaged from
the seven subjects (13-15). Covanances be-
tween each of the 120 combinatons of the
16 Laplacan-transtormed channels were
computed from enhanced (16) and filtered
average waveforms. We determined the co-
vanance tor each electrode pair by compur-
ing the cross-covanance functon between
their wavetorm segments, with the lag time
for one channel with respect to the other
varving trom 0 to 125 msec. The value of

30 JANUARY 1987

FINGER RESPONSE

- e

—0.078

.05 103 10-5

Significance

!‘.
i

Neg.

(.
_,/

Pos.
Sign

COVARIANCE

Fig. 1. Most significant, between-channel covariance patterns (colored lines), looking down at the top
of the head. from the wave at the peak of the response superimposed on colored maps of that wave'’s
amplirude. The motor-related wave was measured dunng a 187-msec interval centered on the peak of
left-hand and nght-hand index finger pressures from seven nght-handed men (19). The thickness of a
covanance line is proportional to the negaave loganthm of its significance ( from 0.05 to 0.00003) (1.
A violet line indicates a positive covariance (motor-related waves with the same polarity), and a blue line
indicates 2 negative covariance (motor-related waves with opposite polantes). The color scale at the
left, representing wave amplitude. covers the range from the munimum to maxumum values of the two
maps. All covaniances reter to the site overiving supplementarv and premotor cortces. There is a swong
lareralizadion of frontal. central, and antero-panieral covariances over the hemisphere contralateral to the
responding hand. a resuit consistent with the lateralizauon of the amplitude maps.

covariance was the maximum absolute value
of that function. For the wave at the peak of
the response, covariances were analvzed to
determune whether they were signuficandy
different from noise values (17, 18); we
could then compare the levels of significance
of each ¢lectrode pair under different experi-
mental conditions.

To validare the analvsis in a known case,
this procedure was applied to waveforms
ume-registered to the onser of the tinger
pressure response. The most sigruficant lett-
and nght-hand covariances occurred be-
tween elecrodes overlving cortical regions
involved in motor execunon (Fig. 1) (19).
These parterns of covanance presented
much more spataily discrete informaton
than their corresponding amplitude maps
(20). In the 187-msec interval cenrered on
the peak of the response (62 msec after
response onsct), right- and left-hand covan-
ance patterns were nearly mirror images. [n
both parterns all covanances involved the
midline antero-central site overlving the pre-
motor and supplementarv motor coruces.
Covanances berween dhus site and the et
frontal, antero-centrai, central, and antero-
panictal sites for nghe-hand responses, and
berween corresponding  right-hemisphere

sites (except right antero-central) for the left
hand, were all consistent with known mo-
tor-related cordcal areas.

The procedure was then applied to the
cue-to-sumulus period to studyv preparatory
sets (21). Statstical comparison of the CNV
amplitudes {Fig. 2) dunng an intervai 500
to 875 msec after the cue did not reveal
significant differences between accurate and
naccurate  condigons (22). Durng this
same peniod. however, well-defined be-
tween-channe! covanance pacterns related to
subsequent accuracv were discovered. Thev
first appeared in the interval centered 300
msec atter the cue and became well diferen-
nated berween accurate and inaccurare con-
dinons in the 300- w 375-msec interval
(centered 313 msec before sumulus onser)
spanning the late component of the CNV',
The lack of muscle potential and eve move-
ment signals in these intervals confirmed
that these pawerns were neural n ongin
{Fig. 3).

Covanance patterns during the penod
berween the cue and the sumulus (Fig. 4
were disanct from those related to overt
finger responses. During the interval from
300 to 875 msec after the cue onset, covan-
ance parterns assoclated with subsequendv
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Fig. 2. Amplitudes of the CNV' computed dunng the cue-to-sumulus peniod. Amplitudes berween low-
pass filtered (below 3 Hz), event-related Laplacian wavetorms, averaged from seven subjects, are not
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Fig. 3. (A} Averaged. unfiltered vertcal
and honzontal cve-movement signals dur-
ing the cue-to-sumulus period for night-
and lefr-hand mals from the seven sub-
jects. (B) Averaged muscle potendal sig-
nals from nght flexor digitoni dunng the
cuc-to-sumulus penod (arbitrarv unics).
(C) Muscle porennals dunng overt move-
ments were many ames larger. (Averaged
muscle potential signals from left flexor
digiton showed the same relaton.) Since
there is no evidence of eve or muscle
movements dunng ather nght- or left-
hand preparanon. the covanance patterns
in Fig. 4 arc nor due ro overt movements.

accurate nght-hand performance involved
predominantiv lert hemisphere sites. paruc-
ularlv lert trontal. central. paneral, and an-
tero-parietal sites (231 All 24 significant
covanances invoived sites on the left side,
and 18 .75%;: of these were exclusivelv on
the lert side. The covanance pattern preced-
Ing subsequentv accurate lefr-hand per-
formance tor this interval invoived predomi-
nandy nght-hemisphere sites. Of 18 signifi-
cant covanances in this pattern. 13 (72%)
involved nght hemispheric sites. The nght-
sided central. pancral, and antero-panetal
sites were MOSt prominent. compared with
corresponding prominent contralateral sites
for the nghr-hand accurate pattern. The lett
frontal site was prominent before both left-
and nght-hand pertormance. The mudline
central and antero-central sites were promi-
nent in the lert-hand pattern but were not
among the most prominent in the nghrt-
hand partern.

Onlv owo significant covariances were re-
lated ro subsequenty mnaccurate nght-hand
performance 1n this interval, namelv. left
panetal with ieft frontal and antero-parietal
with left frontal. In contrast. the subse-
quentiv 1naccurare covanance pare 1 for the
left hand was more bilateral and complex
than the subsequenty accurare pattern. The
patterns for the two accuracy conditons
differed both in scale and partern for the left
hand. but onlv 1n scale for the nght hand
{24). Unlike the berween-channel covan-
ance patterns. the CNV' amplitude maps
were highly similar for both accuracy condi-
tons and hands and were not useful in
detecmmuining what areas would covary.

Through the use of stausncal partern clas-
sificanon procedures, covariances shown in
Fig. 4 were considered possible vanables to
disnnguish subsequent performance accura-
cv. The tnals or each ot the seven subjects
were classified by equauons developed on
the tals of the other six subjects (25). The
overall discnmunauon of subsequently accu-
rate from subsequentdy inaccurate mals was
59% (P < 0.01: for right-hand and 57%
(P <0.011 for left-hand performance. Dis-
criminaton of subsequent nght-hand per-
formance accuracy was above 57% for six
subjects but was 50% for the seventh. For
left-hand performance, discnmination for
three subjects ranged from 56% to 67%,
and was 33% or below for four subjects
(who had fewer mials overall). Average clas-
sificadon of each fifth of the mals from the
four subjects with lowest left-hand discrimu-
naton, calculated from equanions developed
from the other four-fifths. was 61%
(P <0.001). This suggests thar the four
subjects had similar covanance parterns be-
fore left-hand performance. which differed
from those of the other three subjects. The
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Fig. 4. View orf the wigmiicant P < 0.05) be-
oween-channei CNV covarance panterns, looking
down ar the rop of the head. superimposed on
maps of CNV amphitude. Mcasurements are from
an ntenvai 300 c0 875 msec arter the cue for
subscquendy accurate and :raccurate letr-hand
(top! and righe-hand - bottem visuomortor task
pertormance by seven right-handed men. The
dhickness of 1 covarance line s proportional to
the negauve loganthm of its signuicance « trom
0.05 t0 0.001). A violet hne indicates the covan-
ance is posiave, whic 1 blue line is neganve.
Covanances wnvolving lett tronral and appropn-
atelv coneralateral central and panetal clectrode
SIteS are promunent n patterns tor subsequentdy
accurate pertormance ot both hands. The magni-
tude and number of covanances are grearer betore
subsequenty inaccurare lett-hand performance by
these ngne-handed subrects and ire more widely
distnbuted than the left-hand accurace patrern.
For the ngne hand. fewer and “weaker covariances
characrenze subsequentiv inaccurate performance.
The ampiitude maps are sirmuiar tor the tour
conditons and Jdo rot indicate anv of the specific
differences evident i the covanance parterns.

greater umrormuty ror right- over lett-hand
discrimuinacion suggests that there are simuar
covartance parterns among the  strongly
nght-handed subjects preceding  accurate
and inaccurate nght-hand perrormance, and
1 divergence of patterns preceding lett-hand
pertormance. Although there were ditfer-
ences in discriminative power berween indi-
viduals. overall the group preparanon pat-
terns were efecuve in deading an individ-
ual’s subsequent pertormance accuracy. For
the one subiect with the most mals, an
average classification ot 68% (P < 0.001)
for subsequent right-hand and  62%
(P < 0.01) ror subsequent lett-hand per-
formance was achieved by testuing a separate
equanon on c¢ach Arth ot tus trals, formed
tfrom the cther tour-firths.

Although the ongin ot these event-relat-

ed. berween-channe! covanance patterns of

preparatory sets s unknown {267, our re-
sults suggest thar preparadon tor accurate
performance in i visuomotor task involves
several bramn components (27): a cognitve
component manitested by invariant acavity
at the let frontal covanance site, a hand-
specific somesthenic-motor component man-
itested bv the contralateral central and pari-
etal sires, and an inregrauve motor compo-
nent manifested bv acuviev at the mudline
central and antero-central sites. The last
component was strong in the pattern pre-
ceding accurare left-hand pertformance and
weaker n the pattern preceding accurate
right-hand pertormance. For both hands,
preparatory covanance patterns were differ-
ent from those iccompanving actual re-
sponse execunon. Covartance patterns pre-
ceding inaccurare performance bv each hand
differed markedlv. The relanve lack of signf-
icant covanances preceding inaccurate nght-
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- Significance
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hand pertormance mav be interprered as
evidence for 2 weakened preparatory set. Bv
conrrast. the compiex. anatormucally diffuse
but strong parrerns in the left-hand condi-
gon suggest that inaccurate pertormance by
the nondominant hand of stongly rnght-
handed subjects mav result from erroneous,
possiblv confounded. preparatory sets.

Our evidence tor dismbuted, coordinared
preparatory <omponents ot human visuo-
motor performance 1s consistent with earlier

studies of this behavior. The involvement of

the left frontal sice 1s consistent with evi-
dence that preparatorv sets in humans are
svnthesized and integrated in iett dorsolater-

al pretrontal cornices (4, 33. The finding of
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EECGSL

§ -

&

v
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Sign FECSL

COVARIANCE

an appropnartely lateralized pariero-central
somesthenc-motor component is consistent
with dara thar show neuronal finng parterns
before motor responses in the motor cortex
of nonhuman primates and localized poten-
nals 1n the somestheuc cortex ot humans at
the same ume (1. 28). Finally, 2 mudline
antero-central integranve motor component
is consistent with known involvement of
premotor and supplementary motor regions
In gaang exsung motcr schemes and
establishing new ones (3. 29\

Qur results demonstrate thar the human
bran. unikke 1 fixed-program computer.
dvnamicaily “programs” its distributed, spe-
cialized subsvstems in anoapavon ot the
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need to process certain tvpes of informauon
and rake certain tvpes of acuon. When these
prepararory’ scts are Incompiere or INCorrect,
subsequent performance 1s likely to be nac-
curare.

1.

(8]

w

10.

1L
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. i"hc cue, sumulus, and feedback were presented on a

Videograptucs-1I cathode rav tube montor located
70 an from the subrect and were of equal durauon
and visual angic tunder 1.

. Feedback indicaning exact response pressure to one-

tenth of a samulus unit was presented as a two-digit
number 1 second after the peak of response.
feedback number was underiined to indicate a2 “win”
when the response error was less than the recent
performance fevel. which was updated on-ine after
cach mal as the average error from the preceding
five tals for each hand separately. This cntenon
made it harder for the subject to win the monetary
bonus (5 cents) pad for “win” arals as performance
improved. Ths techruque and rest breaks

possible svstemanc changes in arousal. Monetarv
penaines (10 cents) were deducted oniv for respond-
mng to mscued “catch™ oals. Each subject per-
formed berween 900 and 1000 trials over a penod of
5 to 6 hours, with frequent rest breaks. Subjects
practced the task, learrung the motor conwol and
the condinons of reward and penalty. in a pretesung
session  that cononued unul performance  ap-
proached a stable asvmprote.

. Electrodes were placed according to an expanded

version of the standard 10-20 clecorode svstem, in
which additional coronal rows of clectrodes were
umerposed berween the onginal rows. The antenor
rmudline panetal eiectrode was used as reference.
The band pass had a 6-decibeloctave roll- off beiow
0.1 Hz and 2 24-deabeloctave roli-off above 50 Hz.
The roll-off beiow 0.1 Hz was gradual enough to
allow sensiovinv to ultralow-frequency brain poten-
nal components
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Penpherai channels were not wansformed because
applicanon of the Laplaaan operator to an clectrode
requures surrounding clecorodes, which are absent
for channels at the cggt of a recording arrav. Sixteen
channels remained: left and nght troneal (F3 and
F4); mudhne {ronml (Fz); left and nght antero-
central 1aC3 and aC4); mudline antero-central
(aCz); left and ngnt central 1C3 and C4): mmudline
central (Ca); eft and nght antero-panetal (aPl and
aP2); mudline antero-panctal 1alz;, left and nght
pancral (P3 and P4); mudhine panectal /Pv); and
mudline antero-ocapital (aOz).

. For nght- and left-hand accurate performance. mean

error was 0.35 (range. 0.24 o0 0.52, and 0.39
trange, 0.28 to 0.51,, respectivelv  For nght- and
left-nand inaccurate performance. mean crror was
1.62 trange. 1.18 to 1.96) and 1.66 range. 1.40 1o
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22.

. A.Gevins et al., Scence 213.918 (1981 5:

2.18), respectvelv. Classinving performance sepa-
rateiv for each inQividuai compensated for berween-
subtect pertormance differences. hence, cach data set
contatned tais from cacn sudtect. Qutlving tnais on
the distnbuuon of recent performance level were
chrrunated to ensure that accurate and 1naccurate
data sets did nor differ from each other according to
factors that could be reiated to transitory changes in
arousal. Accurate and Inaccurate mials were evendy
distbuted througnout the recording session.

- Thus approach 1s based on the nvpotnesis that when

areas of the brain are funcuonally retated. the wave
shapes of their macropotengais are consistenuy simu-
lar [M. N. Livanov. Spasial Omanumn of Cerebral
Procesas (Wikev, New York. 1977 ‘Freeman,
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phvswlogy 22. 32 1 1985))

. A Gevins and A. Remond. Handbook of Elecrroen-
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a & und. 220,97 1983,

. Enhanced averages were rormed from sets of tnals

selected s follows: tor each channel. sets of single-
tnal data sampies in 3 230-msec interval centered
750 msec after the cue were submurted to a mathe-
mancal pattern ciassiticanon program. The program
mcmptcd to dxsc'mmmztc the cvent-related mals
from a “noisc” data set witn stansucal propertes
stmular to the ongoing clectroencephalogram in cor-
responding channeis. (n each mterval. significantiv
disnnguished channeis P < 0.05: were tabulated
tor cach person. The enhanced averages were
formed from those tmals i which a majonty of the
tabulated channels were sigruficantiv ciassified [A.
Gevins, N. Morgan. S. Bressier. |. Dovle, B. Cuallo.
EEG Clin. Newropirvsiol. 64, 177 (1986)).
The maumum apsoiute vaiue of covanance was
converted to a sigruficance : after square-root ans-
formanon) by comparnison with a notse median and
an esumate of notse vamance through the use of 2
Tukev biweight scale esumate. These stansncs were
determuned from sampie distnbunons of the square
root of zero-lag covanances berween wntervals cen-
tered around sampics With the mummum energy
envelope denved from the Hilbert gansform. Dun-
can’s correcuon procedure was used to conwol for
the 120 compansons withun cach interval. Detaded
signal-processing methods and analvses of sumulus-,
response-, and feedback-rejated patterns have been
developed (18).
A. Gevins er al.. 1n preparagon.
D. H. Ingvar and L. Philipson. .4nn. Newrol. 2, 230
19771, C. E. Preper. S. Goidring, A. B. Jenny. ]. P.
\kMahon. EEG Clin. \mropmml 48. 266 (1980);
A. Foir, B. Larsen. S. Haron, E. Skinhop. N. A
Lassen. snd. 50. 426 :1980:. P. E. Roland, B.
Larsen. N. A. Lassen. E. Sk.mh0|.]. Neurophvsol 43,
118 (1980). The maior peak in the Laplaan wave-
form during the response was centered '62 msec after
response onser and was approximately 190 msec
wide; therefore. a 4= 10 ~-Hz bandpass filter and a
covanance wnterval of 18 msecc were used. Given
the hugh signal sorength of overt movement and the
resulung large number of sigruficant response-refat-
ed covanances. onlv the top standard deviagon of
sigruficant covanances coufd be shown in Fig 1
without creaung an overiv compiex dispiav. If ail
sigruficant covanances are considered., left-sided co-
vanances were sigruficanuy greater than the compa-
nrble nght- sided ones bv the [#78) = 1835,
P < 0.0001] for the nght-hand response. Slzmn
cant nghr-sided covanances were sigruficantly
er than the left-ided ones [#(78) = 213 a.
P < 0.001) for the lert-hand response. The nght
antero-central ¢iectrode site did not appear 1n the
lefr-hand pattern 1n Fig. | because 1ts signuficance
was shightiv below the 1-5D curoff.
We made amplitude maos by determrurung the aver-
age amplitude of the Lapiacian waveform for each
electrode site over the same interval used to calculare
covanances and interpolaang berween sites. Amph-
rude was represented on a color scale, with red
resenung the maxumum and violet the mirumum.
A delta filter (low-pass curoff at 3 Hz) and a
covanance wnterval width of 375 msec were used to
studv the low-frequenc CNV' component.
Companson bv tne ¢ test of mean-squared ampl-
tude, measured on each Laplacian wavetorm rover
the same 300- to 875-msec-centered postcue interval
as was used for the berween-channel covanance!
berween subscquentiv accurate and tnaccurate con-
dinons of eacn hand. was not significant at

26.

P < 005 Sumulann berween the set of CNV am-
pistudes. or the fwo covanance maps, was measured
with an esamate of the correlanon and its confi-
dence interval. @ Corretanon was not used 1 this
context to assess Linear dependence. . For the small
number of repeated measures. 2 normai dismounon
could not be consirmed. Thererore. robust. resiseant
estumates were caicujated with a distnbuaon-inde-

ndent “boowstrap” Monte Cario procedure {B.
Ec fron. The [acenste. The Bootstrap. and Other Resam-
ping Plans !Socienv tor Indusmal and Apphed
Mathemaucs. Phiadeiphia, 19821}, which generates
an ensembic of corrclanon values from randomiv
seiecred choices of the repeated measures. When the
distnbunions of CNV' amphirudes from subsequentv
accurate and inaccurate condinons were compared
according to this procedure. the correlanons were
084 = 0.16 betore nght-hand performance and
0.83 = 0.14 betore iett-hand performance. Thus. it
1s not possible to discrumunate between subsequently
accurate and 1naccurate Waverorms on e basis of
the mean-squared amphitude of the averaged event-
retated CNV' waverorms

. These four sites were the most profmunent in that the

numbers of significant covanances in whuch thev
were involved cach exceeded half of the maximum
number of anv site - rune for the antero-panetai site .
The otner sites in the patern were nvoived i one-
thurd or tfewer of that maxumum. The same cntenon
was used 10 Juage WNiCh sites were most prommunent
in the lett-hand pattern.

. In addimon 1o tie cue-to-samulus perod. the post-

sumulus and posaeedback penods aiso differed 1n
accuracy, but tne response penod did not /8. The
signal sength of Presumuius covanances was much
smaller than those dunng overt responses. that is,
the scaic of sigruricance was tree orders of magru-
tude smaller. The smaller number of presumuius
covanances allowed all sigruficant covanances to be
shown in Fig. 4. Companson by ¢ test of the sezs of
subscqumd\ accurate and tnaccurate covanances
was significant at P < 0.001 for both left-
{r(38) = 5.57] and nght-hand {#(23) = 7.70} com-
pansons. The bootstrap corretanon "’1 berween
covanance parerns before subsequendy  accurate
and inaccurate performance from channel pars that
were sigmuficant for either condimon was 0.57 =
0.09 for the nght hand and 0.10 = 0.14 for tne left
hand. The ¢ test and bootstrap correlanon results,
taken together. suggest that the left-hand accurate
and inaccurate condiuons differ both in scale and 1n
partern, whereas ngnr-hand results differ ontv 1n
scale.

. The classifier was a nonlinear. two-lavered. adapuve

deasion network {1151, A. Gevins ez al.. Saence 203.
665 (19791: A. Gevins er al.. Psvehopirymoioay 22. 32
(19851} that decided whether subsequent pertorm-
ance was accurate or inaccurate from CNV.interval,
berween-channel covanances of cach mal. This algo-
nthm produced. by a recursive procedure. classifica-
uon equanons consisung of weighted combinaoons
of the deaisions of discrimunant funcuons. which
themselves consisted of weighted combinanions of a
subset of the covanance vaues of Fig. 4. Cross-
validanon of the equations was performed bv tesung
cquanons on data that were not ‘used to denve them.
Snzmnczncc was determuned according to the bino-
mual dismbuaon. Detaus of the aophcauon of pat-
tern classification procedures to the anivsis of brain
signals have been oresented [A. Gevins, JEEE Trans.
Pastern Anal. Macn Insell 2,282 (19805 10 (14),
chap. 17, and N \1onz=n IEEL Trans,
Biomed Ena in press]. These conservapve proce-
dures norwithstanding, we must caugon that the
degree or generalizauon of these results o the
populaton at large 15 unknown and can be deter-
muned oniv bv agdinonal studies with new subjects.
Previous studies that measured intereiectrode corre-
lanon have suzgcsrcd 2 commcal ongin tor these
pacterns 113~15). The dufficult problem of identfv-
ing the generators of these parrerns 15 the focus of
current work. At present, the jocal, spanallv separat-
ed partemns tend to rule out voiume-conducred
acoviev from one or two corucal or subcortcal
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CHAPTER 11
Signals of Cognition

ALAN S. GEVINS and BRIAN A. CUTILLO

EEG Systems Laboratory, 1855 Folsom Street, San Francisco. CA 94103 (U.S.A.)

11.1. Introduction

11.1.1. OVERVIEW

Brain potentials have been widely used for studying brain activity associated with

o higher mental functions in bumans, cither as continuous EEG or as averaged
event-related potentials (ERPs). Although over 50 years old, human ‘psycho-neu-
rophysiology’ is still in its infancy, awaiting development of more powerful tools
for measuring the minute signals of neurocognitive processes and locating their
sources in the brain. Such tools include recordings with many channels. event-re-
lated magnetic field (ERMF) measurements, and advanced signal processing tech-
niques. However, even with the most advanced techniques currently available. the
best we can hope to do is observe some signs of the timing and location of mass
neural activity associated with cognition. The advantages of non-invasiveness and
fine temporal resolution are motivating the development of better recording and
analytic techniques.

11.1.2. EEG STUDIES OF COGNITION -

The first report of an EEG phenomenon associated with cognition was Hans Ber-
ger's observation that the alpha rhythm decreased in amplitude during mental
arithmetic (Berger 1929). There have been many subsequent EEG studies of cog-
nition, with recent emphasis on hemisphernic specialization (reviewed in Gevins
and Schaffer 1980; Gevins 1983; Butler and Glass 1986). The major limitation in
EEG studies is that the long EEG segments required make it impossible to resolve
the split-second stages of cognitive processing.
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11.1.3. EVENT-RELATED POTENTIALS (ERPS) AND COGNITION

ERPs are a valuable tool for studying the mass neural activity generated during
cognitive processes. They are usuallly studied by averaging a number of brief EEG
segments time-registered to a stimulus or response in simple cognitive tasks. Ave-
raging enhances signals correlated in time with the stimulus and subsequent task
processing and suppresses unrelated background activity. An averaged ERP wave-
form consists of a series of positive and negative waves. A significant change in
latency or amplitude of a peak. between experimental conditions which differ in
a specific cognitive aspect of task performance, is assumed to reflect differences
in the mass neural acuvity associated with that cognitive process. Since the avera-
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Fig. 1. The conungent negauve vanauon (CNV), reported to be rejated to expectation in the interval
berween warning and imperatuve sumuli, from oniginal report of W .G. Walter et al. (1964). Averaged
waveforms (from vertex electrode referenced to mastoid) to unpaired click (A) and flash (B) sumuli.
pasred click and flash sumuli | sec apart wath no task-retevant contingency (C). and CNV in the | sec
wnterval between the pared sumuli when they are made contingent by requinng a button press to the
second stimuius (D).
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ged ERP is synchronized to a stimulus or response, it is possible to make inferences
about the sequence and timing of task-associated processes, such as pre-stimulus
expectation or preparation, encoding of stimulus features, evaluation of the ‘mean-
ing’ of the stimulus. and response selection and execution. ERP components
which are influenced primarily by physical stimulus properties are called ‘exoge-
nous,’ while those which covary mainiy with cognitive factors are called ‘endoge-
nous.’ In actuality, most components are sensitive to both exogenous and endoge-
nous factors.

In the mid-sixties. two separate teams of researchers discovered that certain
ERP components are related not just to "exogenous’ factors. such as stimulus prop-
erties or motor activity, but also to cognitive (‘endogenous’) factors. In 1964,
W.G. Walter. Cooper, Aldridge. McCallum and Winter reported an ERP event
related to expectation (Walter et al. 1964). This "contingent negative variatuon’
(CNV) is a slowly increasing negative shift preceding an expected stimuius. often
visible in the unaveraged EEG (Fig. 1). The CNV was found to vary during stages
of conditioned learning, with motivation, attention and distraction. and other cog-
nitive factors (reviewed in Tecce 1972).

At almost the same time. Sutton. Braren. Zubin and John discovered a positive
wave peaking about 300 msec after infrequent task-relevant stimuti (Sutton et al.
1963: Fig. 2). This ‘P300° or 'P3" peak is considered endogenous because its scaip
topography and behavior do not depend on physical stimulus properues per se.
but on their ‘meaning’ in the context of the task. P300 is evoked by many types
of paradigms (see Roth 1978: Tueting 1978 Donchin 1979: and Duncan-Johnson
and Donchin 1982 for reviews), but the most common factors which influence its
behavior are stimulus frequency and task relevance. An especially cogent finding
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Fig. 2. Illustrauon of P300 ERP from the onginal repart of Sutton et al. (1965). ERP waveforms from

5 persons elicited by infrequent unexpected (‘uncentain’) and frequent expected (‘certain’) auditory
sumuii. P200 15 the large positive wave peaking about 300 msec post stimulus.
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Fig. 3. Missing sumulus ERP or ‘emitted potential” elicited by infrequent omissions of the second
sumulus in regularly spaced pairs of auditory sumuli. The "missing sumuius potential” 1s visidle in the

-

2 iower waveforms as a large posiive wave peaking about 300 msec after the ume when the miing
stimuius was expected (indicated by the nghtmost tnangle). The preceding solid tnangies indicate the
presentation umes of actual auditory sumuli. (Adapted from the onginal report of Sutton et al. 1967.)

was the elicitation of P300 by the absence of a stimuius in a regularly timed se-
quence of stimuli. This 'missingstimulus ERP."obtained by averaging the brain poten-
tials registered to the ume the missing stimuli should have occurred. lacks eariv
exogenous peaks such as N100 and P200. but contains P300 and other endogenous
waves (Sutton et al. 1965, 1967; Ruchkin et al. 197%) (Fig. 3).

11.2. Basic assumptions of the ERP method
11.2.1. CoGNITION CAN BE MEASURED

11.2.1.1. Cognitive factors can be isolared

Mental events cannot be measured directly: we can only observe behavioral and
neural activity associated with them. Psvchological studies use behavioral measures
such as reaction time to define component stages of cognitive processing and make
inferences about their nature and timing. The validity of anv cognitive study de-
pends on the effectiveness of experimental design and controls in manipulating a
specific cognitive factor while holding all other factors constant. For example. a
typical ‘memory task’ involves not only memorv. but also expectation and prepa-
ration. encoding of stimulus features. companson with memoryv. and selecuon and
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execution of a response. The study of brain signals associated with cognition is
further complicated by their more complex sensitivity to physical aspects of stimuli
and response movements.

11.2.1.2.  The nming of neurocognuive processes is consistent

The averaged ERP method assumes that task-related cognitive processes do not
vary much in timing from trial to trial. If neurocognitive functions were truly “hard
wired," this might be a reasonable assumption, but there is little evidence to sup-
port such an idea. Tral-to-tnal vanations in the timing of neurocognitive processes
atfec: both the latency and the amplitude of an ERP component. since latencv and
th2 amplitude in the averaged waveform are interd .pendent. Measures of the
integrated amplitude (‘area’) of a wave are sometimes used to alleviate the exces-
sive sensitivity of peak amplitude measures to these vanations. and latency correc-
tion for particular peaks has been attempted by adjusting the single-tnal data in
tume (Woody 1967; Aunon 1978: see Section 11.6.1 in this chapter. and Chapter
51in Vol. 1). However. without careful filtening (Aunon et al. 1981). the amplitude
increase produced by latency correction procedures may be influenced by unrela-
ted EEG acuvity. usually an alpha frequency component (Chase et al. 1984). The
disappearance of an experimental effect after latency correction has been reported
(Kurtas et al. 1977), suggesting that the amplitude resuits of other studies could be
due to differences in vanance of the timing of task-related signals betwean condi-
tions.

The measurement of peak latency is another important consideration, especially
in chronometric studies (see Sections 11.4.2.2~3 and 11.5.1-2, below). Latency 1s
measured with respect to a peak chosen either by visual inspection or automated
programs which choose the point of largest ampiitude within a (usuaily broad)
latency range. However, the presence of high frequency activity can cause spurious
vanability in latencies getermined by automated programs. especiaily for broad
peaks. due o uny ‘peaklets’ which are clearly not the center of the wave. In this
case low-pass filtering, or measunng the latency as the center of grawity of the
wave mav be appropnate. Even with visual choice of peaks, the close overlap of
two separate peaks of slightly different distnbution can cause coafusion. For a
discussion of the methods of latency .casurement see Callaway et al. (1983).

11.2.1.3. Learrung and automatization are not appreciable

The issues of learning, automatization and habituation must be considered when
sumuli and :asks are repeated hundreds of times. For exampie. in one study a
reducuon 1in P200 amplitude was attnbuted to faugue after 12 h of continuous task
periormance (Mane et al. 1983). In such a case. follow-up recordings in an unfa-
tigued state shouid be made to determine whether the effect was actually due to
fatigue rather than automauzation, since reducnon of P300 amplitude with exten-
sive task performance has been reported (Kramer et al. 1983 Woods and Cour-
chesne 1983). Signs of habituauon have been observed in manv ERP components
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(Callaway 1973; Megela and Teyler 1979), including the CNV (reviewed in Love-
less 1979) and the P300 (Courchesne 1978, reviewed in Roth 1973 and Verbaten
1983).

11.2.2. OVERLAPPING COMPONENTS CAN BE RESOLVED

The averaged ERP waveform is assumed to be a linear composite of spatially and
temporanly overlapping ‘components’ generated in distinct neural systems. How-
ever, it is naive to consider that peaks in the averaged ERP are distinct components.
and precise measurement of the overiapping components in the composite wave-
form is probiematic (see Discussion in Callaway et al. 1978). In some cases, rela-
tively simple experimental or anaiytic methods may be effective in disunguishing
separate components. One exampie is the 'selective attention effect’ iniually attn-
buted to the N100 peak (Hillvard et al. 1973). The amplitude of N100 was observed
to be larger for ‘attended’ stimuli. which were selected on the basis of simple
phvsical properties. than for those which were ‘ignored.” However, it was subse-
quently shown, by manipulation of inter-stimulus intervais and by subtracting the
ERP for ‘ignored’ stimuli from the ERP for ‘antended’ sumuli. that the amplitude
increase was actually due to a broad. low-amplitude negative wave (‘processing
negativity’) which overlapped the N100O peak (Hansen and Hillyard 198C; Naitdnen
et al. 1978) (Fig. 4). Another exampie is the clarification of the relationship of
P300 latency to reaction ume in a study by Friedman et al. (1978). Some studies

Amplitude { pv)
T

L 1 1 L
50 100 19Q 200

Time (msec)

or,

Fig. 4. The 'N100 seiecuve attention effect’: an example of overlapping event-related waves. The
apparent ampiitude increase of the N100 peak :n the averaged ERP for "attended’ stimuii 1s actually
due 0 a broad. low ampiitude negauve wave ('Nd’ or "processing negauwiry’) which overiaps N100Q.
This was demonstrated by manipulaung the length of the inter-sumulus interval, and by subtracung
the ERP for ‘unattended’ from the ERP for ‘attended’ sumuii. The illustrauon shows the subtraction
ERPs for inter-stimuius intervals of 250 msec (dasned line), 300 msec (solid line) and 2000 msec (dorted
line). t Adapted from Naatanen et al. 1982.)
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reported moderate correlations of P300 latency and reaction time, while the resuits
of other studies were negative (reviewed in Donchin et al. 1978). By dividing their
data into reaction time quartiles, Friedman and colleagues distinguished 4 overiap-
ping peaks in the P300 range, only one of which was related to reaction time (Fig.
5). suggesting that this might account for the inconsistent findings of other studies.

It is not often possible to distinguish overlapping components by such simple
methods. As a more general solution to this problem, it was proposed that indepen-
dent components could be mathematically defined by principal components analy-
sis {PCA: see Donchin and Heffley 1978). This method was used to demonstrate
the .ndependence of P300 and CNV (Donchin et al. 1975). and has become a fairly
common practice in ERP studies. PCA determines statistically independent factors
representing different sources of variance in the data bv forming linear combina-
tions of the ERP amplitude values at each sampled timepoint. These factors are
maximally uncorreiated with each other and account for most of the vanance in
the data (see Chapters 3. 5, 16 and 17 in Vol. 1). Usually. 410 factors will account
for more than 90% of the variance. depending on the complexity of the sources
of variance (Donchin and Heffley 1978; Kavanagh et al. 1978). In spite of its
popularity, the PCA method has inherent limitations. In particular, it is difficult
to determine which experimental vaniable or *scurce of variance’ a particular factor
reflects (Rosler and Manzey 1981: Wood and McCarthy 1984). Other difficulties
and possible alternatives to PCA are discussed in Section 11.6.2 {below)}. and Vol.
I. Chapter 14.

MEAN RT:
332

Fig. 5. Separauion of overiapping waves ia the averaged ERP 1n a visual discnmination task by comput-
1ng subaverages of (rais according 1o reacuon-time quarnies. Vertical lines in the panetal ( Pz) channei

mark mean reaction umes (RT). ume scale 1s 110 msec per division. and arrow marks stimuius onset.
Companson of central (Cz) and panetal (Pz) waveforms from short to long RT quarules reveals that
the lare posiive complex 1s composed of several overlapping peaks. Since only the longest-iatency peak
13 correiated with RT (r=0.99), 1t becomes clearly disunct (at about 525 msec) n the longest RT
quartie. (Adapted from Friedman et al. 1978.)




342 A.S. GEVINS and B.A. CUTILLO
11.3. Methodological requirements of neurocognitive studies

Methodological requirements for neurocognitive studies have been discussed in
several books and review articles (Donchin et al. 1977; Thatcher and John 1977,
Gevins and Schaifer 1980; Gevins et al. 1985). As in any experiment, it is essential
to control all factors not directly related to the intended experimental manipulation.
Special attention to expenimental control is required in neurocognitive studies.
since brain signals are very sensitive (0 many factors. and neurocognitive signals
are small in refation to “background” activity. Only a few of the more important
issues are discussed below.

11.3.1. ELIMINATION OF ARTIFACTS

Contamination of brain signals by non-neural potentials is a serious problem. The
major sources of physiological artifacts are eve movements and blinks. and muscle
activity, particularly of the scalp muscles. Artifacted data is usually eliminated by
visual inspection of polvgraph tracings or automated algonthms which reject trials
exceeding preset voltage levels. However, small undetected eve movements or
muscle activity which may be related in time to the sumulus or response will
summate in averages and could cause spurious results. It is possible that task-re-
lated eve and muscle activity, however slight. accompanies all cognitive processing.
Lateral eve movements {saccades) and blinks have been shown to be correlated
with cognitive processes (Just and Carpenter 1976: Stern et al. 1984). and activity
of the facial and scalp muscles has been used to distinguish different cognitive
tasks (Cacioppo et al. 1983). Other sources of artifactual muscle potentials include
response movements and subvocalization. Digital algorithms for removing the -
fects of =ve movements have been developed for averaged ERPs (Verieger et al.
1982 Grartton et al. 1983). and single-trial data (Gasser et aj. 1983; Bonham et al.
unpublished manuscript). They seem effective in removing task-related artfacts.
and further evaluation of their performance. as weil as extension of such methods
to muscie potenual contaminants, it eagerly awaited. (See also Chapter 1 of this
volume.) Contamination by physiologic artifacts is also a serious problem in brain
magnetic field recordings and has noc vet been systematically studied.

e

11.3.2. CONTROL OF PHYSIOLOGIC AND EXPERIMENTAL FACTORS

11.3.2.1. Arousal

One aspect of experimental control concerns general physiologic factors. Bram
signals vary with age. handedness. gender, level of autonomic arousal. fatigue. and
use of caifeine. nmicoune, alcohol and various drugs. Autonomic arousal is a special
problem which has not received adequate attenuon. Indirect indices, such as pupil
size. have been used 10 measure the phasic arcusal of the centrai nervous svstem
dunng cognitive tasks (Kahneman 1973). More direct measures of CNS -activa-
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tion.’ such as EEG spectral intensity, have been used to measure gross differences
in giobal arousal {(Loomis et al. 1938; Daniel 1966 Rechtschaffen and Kales 1973;
Simon et al. 1977), and there is no fundamental obstacle to an EEG index of phasic
‘activation’ (Gevins et al. 1977). However. it is more difficult to distinguish effects
associated with specific "information processing’ from those which reflect the over-
all level of activity of the central nervous system (Khachaturian and Gluck 1969;
Khachaturian et al. 1973). These two types of activity are not totally distinct. but
are aspects of the integrated functioning of the brain. Until technological advances
provice better means of distinguishing the two, control of these factors must be
attempred by manipulation of task difficulty, motivation and general physiological
factors.

11.3.2.2. Isolating cognitve processes

The essential issue of experimental design and controi bears on the validity of
assuming that the experimental conditions actually manipulate a specific neurocog-
nitive process, and that the results are not due to factors not directly related to
that process. Tasks should be simple and short to reduce the possibility of tnial-to-
trial variation in performance and ‘strategy.’ but challenging enough to engage full
artention. The conditions of an experiment should be controiled for irrelevant
stimulus. physiological-state and response-related factors by experimental design
and a posteriori balancing of data sets. Such factors inctude the physical properties,
frequency and ordering of stimuli. task difficulty. automatization. and the timing,
force, duration, hand and nature of response movements (Gevins et al. 197%9a. b:
1980, 1981). Task difficulty should be adjusted according to changes in perfor-
mance. as indexed by behavioral measures such as reaction time and error. Behav-
loral measures shouid be made on each tnal to venfy that the task is properly per-
formed. and to form balanced sets of tnals differing only in the varable(s) under
study prior to hvpoihesis testing (Gevins and Schaffer 1980; Gevins 1983; Gevins
et al. 1985, 1986). If ERP peak amplitudes are measured with respect to a pre-
stimulus baseline. the effects of expectancy must be considered. especially when
inter-sumulus intervals are constant.

Finaily, the hypotheses, paradigms. and electrode locations should be de-igned
with careful consideration of the information about localized neurocognitive func-
tions obtained from clinical observations. metabolic scanning techniques (regional
biood flow and positron emission tomography). intracranial recording and sumula-
tion studies. and pnmate models.
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11.4. ERP events associated with cognition: two major lines of research

11.4.1. SIGNALS OF PREPARATION: THE CONTINGENT NEGATIVE VARIATION AND THE
READINESS POTENTIAL

11.4.1.1. Cogninive factors

The contingent negative vanation (CNV) is a slowly increasing negative potential
which occurs between two stimuli in tasks involving a contingency or association
of paired stimuli (see Fig. 1). It is best seen when the stimuli are separated bv a
regular interval with a response required after the second stimulus. About 200
msec after the second stimulus. there is a sharp positive deflection. termed the
*CNV resolution.” The psvchological conditions which reliably elicit the CNV are
of 4 general types (Hillvard 1973): (1) holding a motor response ready. (2) prepa-
raton for a perceptual judgment. (3) anticipation of reintorcement or feedback.
and (4) preparation for a cognitive decision. The CNV was initially considered a
signal of ‘expectancy’ (Walter 1964). but subsequent studies demonstrated that it
is affected bv many cognitive factors including attention. distraction. preparation
for cognitive tasks. anticipation of information. ambiguity and task difficulty. and
also by non-cognitive factors such as stimulus intensity. modality and timing. reac-
tion ume and magnitude of movement. motivation, positive or negative reinforce-
ment. noxious stimuli. arousal, age. fatigue, various types of drugs. and clinical
disorders including learning disability. senility, neurosis. anhedonia. depression
and schizophrenia (reviewed in Tecce 1972; Rockstroh et al. 1982; Rohrbaugh and
Gaillard 1983).

The theory that the CNV reflects preparatory processes assumes that the nega-
tive potential shift reflects a build-up of ‘cerebrai potenuality’ which is released
during the positive-going resolution following the second stimulus (Walter 1964:
Rockstroh et al. 1982). The scalp distribution of the CNV is widespread. usually
largest at the midline central electrode. but also strong at precentral and frontal
sites (Crow et al. 1963). The CNV is thought to reflect depolarization of apical
dendrites in frontal and central cortex (Waiter 1964). but the theorv that this
facilitates neuronal action potentials has not been proven (Rebert 1978). The pos-
sible involvement of frontal cortex is of particular interest. since it is thought to
mediate higher-order functions such as preparation and planning (Fuster 1980:
Goidman-Rakic 1984). The theory that the CNV reflects task-specific cortical acti-
vation has been weakened by failure to elicit localization of amplitude with diffe-
rent tvpes of tasks. such as linguistic, spatial and pattern discriminations ( Donchin
et al. 1978). or attenuon to different sensory modalities (see Hillvard 1973). Also.
evidence for an inverse relationship of CNV amplitude and reaction ume. which
wouid support the ‘potentiality’ hypothesis. has been inconsistent (reviewed in
Tecce 1972). although recent studies indicate that this may have been due to the
use of short (less than 2 sec) intervals (Bruma and Vingerhoets 1980).
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11.4.1.2. Sensory and motor aspects of the CNV

The extent to which the CNV reflects cognitive association of two stimuli is still
unclear. The CNV was found to consist of two overlapping waves with different
topographies and responses to experimental factors (Low et al. 1966). These two
components can be seen as separate waves when the inter-stimulus interval is 2
sec or longer (Rohrbaugh et al. 1976). The early CNV, sometimes called the
‘orienting wave.' is a frontally maximum negative wave following S1, and the late
CNV, which has been called the ‘expectancy wave.’ is a centrally maximum nega-
tive shift preceding S2. A number of researchers believe that the CNV observed
at short inter-stimulus intervals is merely a composite of two separate negalive
waves and is not related to contingent association between two stimuli (Gaillard
1978. Rohrbaugh and Gaillard 1983). Rohrbaugh et al. (1580) synthesized a CNV-
like waveform from ERPs accompanying unassocialed events: the slow negative
wave following unpaired stimuli (click or flash), the readiness potential (RP) pre-
ceding self-initiated finger movements. and the ERP to another unpaired sumulus
(Fig. 6). The synthetic waveform created by adding the voltage timesenes of these
3 ZRPs. positioned in lime to emulate 3 1 sec inter-stimulus interval. resembled
the CNV recorded in a traditional paired-sumuli paradigm.

The readiness potential {RP) mentioned above is a centraily maximum negative
shift beginning about 300 msec before voluntary motor acuons (Kornhuber and
Ceecke 1963). It responds to some of the same factors as the CNV, such as
n:otivation (reviewed in McAdam 1973). but the CNV is typically stronger at
. ontal sites and is not usually lateralized (Nadtanen and Michie 1979b). whereas
11e RP is larger over central sites contralateral to the responding hand (Deecke
-nd Komhuber 1977). The CNV is reported to be larger when a motor response
15 required to the second sumulus. but also occurs in the absence of response
reviewed in Rockstron et al. 1982: Rohrbaugh and Gaillard 1983).

Many other researchers believe that the negative waves associated with non-con-
nngent events do not fully account for the behavior of the CNV and favor the view
rhat the CNV does reflect contingency to some extent (Donchin et al. 1974; Ritter
ct al. 1983). The CNV has been sezn to develop when a contingency between two
<tmuli is learned and then decline when the contingency is removed. CNV ampli-
ude is reduced by distracting stimuli (Tecce 1978). instructions to change “attentio-
1al focus’ (McCallum and Walter 1968). and "equivocation’ of contingency through
-andom omission of the second stimulus (Walter et al. 1964; Low et al. 1966).
Other evidencs for a non-motor aspect comes from paradigms in which a negative
it is sustained through a 7 sec sequence of contingent stimuli (Kutas and Hillyard
:980a. 5. ¢}, which has not be=n observed for the RP. A few studies have reported
topographic changes related to modality-specific expectancy. but the etfect 1s smail
in relation to overall CNV amplitude (Simson et al. 1977a: Ritter et al. 1980:
Woods and Courchesne 1983). All considered. it seems that both the CNV and
the RP are compound phenomena which retlect neural acuvity refated to many
sensorv, cognitve and motor factors.
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Fig. 6. Svnthesis of CNV-like waveform by supenmposing ERPs accompanving unassociated events.
Letft: the readiness potenual (RP) preceding seif-imuiated finger presses and the ERPs elicited >v
unpaired clicks and flashes were positoned in time to emulate a 1 sec inter-sumulus interval, and ther
voitage time senes were summed to produce the synthesized ‘CNV." Right: companson of synthesized
(solid Lines) and actual CNV (dotted lines). Waveforms are from mudline frontal (Fz). central (Czy and
panetal (Pz) eiecirodes referenced to linked cars. (Adapted from Robroaugn et al. 1980.)
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11.4.2. PROBABILITY AND INFORMATION: P300 AND OTHER LATE POSITIVE PEAKS

Under appropriate conditions, task-relevant visual. auditory or tactile stimuli. or
the omission of expected stimuli, elicit a sequence of overlapping positive peaks
in the 300~700 msec latency range. This is termed the late positive complex (LPC)
and includes the P3a, P3b and slow wave (SW). The P3b peak (usually called
‘P300°) was first reported in 1965 (Sutton et al. 1965) and has been the subject of
manv subsequent studies. However, this robust. easily elicited wave has been
highly resistant to a precise definition of its relauonship to cognition and behavior.
Althougn P300 is influenced by many cognitive factors in a complex manner. there
are severa] well-established facts abovt its behavior (reviewed in Donchin 1979
Pritchard 1981: Duncan-Johnson and Donchin 1982). Task-relevant (‘attended’)
stimuli elicit substantial P300 waves. and its amplitude is larger for infrequent
deviant stimuli. as in the popular ‘oddball’ paradigm. where infrequent "target’
stimuli must be distinguished from frequent "non-targets.” Its midline distribution
is maximal at Pz or Cz and is relatively unaffected by physical stimulus properties.
such as modality or intensity, provided that thev do not provide task-relevant
information (Simson et al. 1976, 1977a. b). The amplitude of P300 is inversely
related to the probability of occurrence of stimuli which have different ‘meanings’
in the context of the task (Tueting et al. 1970). This effect of global probability
can be modified by several factors. The ordering of preceding stimuli (*local’” or
‘subjective’ probavility) can override the effect of global probability (K. Squires
et al. 1976). Similarly. P300 amplitude to feedback stimuli is not reiated to absolute
probability. but to the ‘contingent probability’ of a particular feedback following
a parnticular response (Campbell et al. 1979). Also. uncerainty (‘equivocation’) in
difficult judgment tasks weakens the effect of global probability on P300 (Ruchkin
and Sutton 1978).

P300 is affected by many other factors, and its behavior is usually interpreted in
terms of concepts borrowed from the field of cognitive psvchology. However. its
behavior may fit a particular cognitive modei in one study. but ‘n a different
paradigm it 1s often contradictory. There seems to be no simple relationship be-
tween P300 and a specific psychological factor, and because of this. a parsimonious
model of P300 and cognition has not yet been achieved. The difficulty of interpre-
ting P300 in terms of psychological constructs is discussed in Chase et al. (1984)
and Donchin (1984). From a neurophysiological perspecuve, there is little reason
to expect that simple peak amplitude and latency measurements from a few midline
electrodes could characterize specific neurocognitive processes. Even so. substan-
tial progress toward understanding neurocognitive processes has been achieved
through the ingenuity of the first generation of ERP researchers. We will discuss
several prominent lines of research and the evoiution of some theones which used
to explain the behavior of P300 in order to illustrate the effect of overly simplified
ideas about cogniuve processing on past ERP research.
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11.4.2.1. P300 and selective attention

Attempts have been made to relate the behavior of P300 to psychological models
of selective attention (reviewed in Donald 1983). Hillyard and colleagues (Hiilvard
et al. 1973; Hink et al. 1977) interpreted the behavior of the N100 and P300 waves
in terms of the ‘stimulus-set/response-set’ model of selective attention (Broadbent
1970). *Stimulus-set selection’ denotes early selection of stimuli in a particuiar
sensory ‘channel’ defined by modality. spatial location or gross physical properties.
and ‘response-set selection’ denotes subsequent selection based on higher-order
criteria related to choice of appropriate response. However, the 'stimulus-set” ef-
fect initially attributed to N100 was found to be due to an overlapping negative
wave, the "Nd’ or ‘processing neganvity’ (Niitdnen et al. 1978; Hansen and Hill-
yard 1980), and P300 seems to be relatively unaffected by stimulus-response com-
patability (discussed in McCarthy and Donchin 1983). and its latency is not well
correlated with reaction time (see next section). Still, there is ample evidence of
‘channel selection’ in early ERP components and higher-order selection associated
with P300. but these effects are not easily explained by any of the early/late selec-
tion models derived from psychological studies (see Hillyard 1984, Posner et al.
1984).

11.4.2.2. P300 and stimulus evaluation

A more refined theory proposes that P300 latency is related to the time required
for stimulus evaluation. If so. its latency might be expected to vary with the diffi-
culty of stimulus evaluation and. therefore. with response time. In relatively diffi-
cuit judgment tasks, its latency has been reported to be correlated with RT, but
only moderately. from r = 0.20 to 0.66 (Donchin et al. 1978: McCarthy and
Donchin 1983). In simpler tasks with short reaction times, P300 often peaks arrer
response initiation. One proposed explanation is that the relationship of P300 and
response processes changes according to task requirements and performance
strategy {Donchin 1984). For example, when speed of response is emphasized. the
correlation of PZ00 latency and RT is reduced. although P300 latency per se 1s
relatively unaifected. but this does not explain its weak correlation with RT in the
same task. as determined by single-trial measurements (Kutas et al. 1977). Another
possible explanation is that P300 is a composite of several overlapping peaks with
different relationships to RT. as in the study by Friedman et al. (1978). in which
the late positive wave consisted of 4 highly overlapped peaks. only one of which
was correiated with RT (see Fig. 5). In fact. the correlation of the one peak was
unusually high (r = 0.81-0.90), suggesting that the weaker correlations in other
studies might be due to failure to distinguish such overlapping components.
Better support for the stimulus evaluation theory is provided by changes in P00
latency resuiting from manipulation of factors affecting simulus evaluation proces-
ses. Latency increases have been produced by increasing the difficulty of sumulus
discmminability and sumulus categonzation. Discriminability factors which increase
P200 latency include detection of smail vanatons in simple stimuli (Ritter et al.
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1972; N. Squires et al. 1977), stimulus complexity (Ritter et al. 1983b), and degrad-
ed. masked or 'noisy’ stimuli (McCarthy and Donchin 1981; Ritter et al. 1982).
Factors related to categorization difficulty include difficulty of judgment (Ritter et
al. 1983b), and number of items in the comparison (memory) set (Ford et al.
1979). However, these factors aiso affect the N200 waves, which always precede
response initiation (Renault et al. 1982) and are better correlated with reaction
tme (Ritrer et al. 1979; Ritter et al. 1983a, b), suggesting that they are more
closely associated with the stages of stimulius evaluation (see Section 11.5.1.3).

11.42.3. P300 and memory: updanng of an ‘imternal mode!'

A pcssible explanation both for the dissociation of P20Q latency and reaction time
and 1ts relation to stimulus evaluation is that P300 is associated with the updating
of an internal schema or memory template subsequent to stimulus evaluation (Tue-
ting 1978, Donchin 1981; McCarthy and Donchin 1983). This theory proposes that
the internal schema cannot be updated unul the significance of the stimuius has
been fully evaluated. while a response can be initiated as soon as the information
required for performance of the current trial has been evaluated. Thus P300 latency
would be correlated with reaction time indirectlv, and the degres of correlation
would depend on the stage of stimulus evaluation required for response initiation
and context updating in a particular task.

Two aspects of ‘context updating’ are the amount of updating induced by the
current simulus and its effects on ‘expectancy’ which should be evident in the
succeeding trial. Since this has not been systematically studied. we will consider
evidence from the literature which bears on these issues. The “amount of updating’
aspect is supported by its larger amplitude for infrequent stimuli (*global probabi-
lity’ effzct) and longer latency for disconfirming fesdback (K. Squires et al. 1973).
two instances where more updating would be expected. Evidence for the ‘expectan-
cy’ aspect is the influence of local probability, which can modulate the effect of
glotal probability on P300 amplitude (K. Squires et al. 1976). The order of precs-
ding sumuli seams to create an expectancy set, resulting in larger amplitudes when
an expectation is viclated. and the weakening of the effect of local probability at
long inter-stimulus intervais suggests the decay of a memory trace. The expectancy
theory would also account for the dependence of P200 amplitude for feedback
sumuli on the ‘conungent probability’ with respect to the precsding response.
rather than the absolute probability of a particular feedback. The interplay be-
tween global and local probaoility was demonstrated by K. Squires et al. (1976)
by using a 30/30 probability of targets and non-targets. Since glooal probability
was esqual. P200 amplitude in the averages for targets and non-targets was the
same. but when trials were averaged according to the preceding stumuli. P300
amplitude was larger for targets which followed non-targets (Fig. 7). and even for
non-targets wiich foilowed targets. Other support comes from studies of "equivoca-
uon.’ in which P200 amplitude is directly related to the degres of confidence with
which a sumulus can be used 1n updating (reviewed in Ruchkin and Sutton 1978),
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and from ‘gticssing‘ paradigms. in which its amplitude is larger when the subject’s
prediction is disconfirmed (Horst et al. 1980).

Another line of evidence linking P300 to memory processes comes from studies
of short-term memory search. The most common psychological paradigm for study-
ing short-term memory scanning is Sternberg’'s memory search task (Sternberg
1969), in which previously designated targets (‘memory set’) must be identified in
a series of random stimuli (‘test set’). This is very similar to the ‘oddball’ paradigm
used in many P300 studies. in which the memory set (target) usuaily consists of
one item. Since the target remains the same over many trials. no updating of a
memory representation of the target should be required. yet P300 amplitudes are
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Fig. 7. Effect of sumulus sequence (‘local probamlity’) on P200 amplitude 1n an auditory discnminaton
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sequence of preceding sumuii. P300 amplitude for both targets and non-targets increased hnearly as a
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indicates the letter of the target in that sequence. 1.c.. ‘B’ is the target in the first 4 sequences and "A’
1s the target in the last 3 sequences. (Adapted {rom K. Squires et al. 1976.)
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larger for stimuli which march the target (at target probabilities of 50% or less).
Thus the amplitude increase to targets may be related instead to the updating of
subjective expectancy regarding the sequence of stimulus events. However, ERP
studies using the Sternberg paradigm suggest a relationship between P300 and the
actual memory search and comparison process (Marsh 1975; Adams and Collins
1978. Ford et al. 1979). P300 latency to matches was found to increase in a linear
manner with the number of items in the memory set (about 25 msec per item). A
recent study by Kramer et al. (1983) produced several interesting results. The
slope of the linear increase in P300 latency with memory set size for target matches
was the same as the slope for the increase in reaction time (RT), but for non-targets
(mismatches) the RT slope was stesper, while the latency slope remained the
same. This might indicate that the relationship between P300 and the processes
leading to response differs for targets and non-targets, although other interpreta-
tions for such rasults are possible (Halliday er al. 1984). P300 amplitude was larger
for targets than for non-targets. even when the frequency of targets was 80%.
suggesting that the memory match had a stronger effect than probability. In early
sessions. P300 amplitudes to memory matches were larger when targets were in-
frequent. as would be expected. but in later sessions this probability effect was
absent for memory matches in the easier ‘consistent mapping’ condition. This was
interpreted as the lack of need for ‘memory updating’ when task performancs is
‘automatized.’” Considering the behavior of P300 in these and other studies. it is
clear that P300 is not simply related to short term memory or updating of an
internal modei.

11.4.2.4. P300. controlled processing and capacity

The psvchological concepts of ‘controlled processing’ and ‘processing capacity’
have been applied to the behavior of P300. ‘Controlled processing’ denotes a
limited-capacity ceniral process involving conscious effort (reviewed in Moray
1969 Kahneman 1973). and is distinguished from automatic processing. which
does not make demands on ‘processing capacity’ (Schneider and Shiffrin 1977).
Thus an automatic process does not interfere with concurrent automatic or control-
led processes. Autcmatic processes may occur in parallel. while controiled proces-
ses are considered senal. Examples of automatic processes are initial encoding of
sensory information and the execution of skilled moror actions. Controlled procas-
ses inciude memory rehearsal and search. target detection, and various tvpes of
decision or judgment. Prominent P200 peaks are eficited when a task requires
controlled processing. and it has been suggested that P200 amplitude is rejated to
the amount of controlled processing required in come tasks (Rosler 1983), although
contradictory evidence is provided by many reports of amplitude reducnon with
increasing task difficulty and amplitude increase as stimulus probabilities are lear-
ned.

When wvo tasks performed simultaneously both require controiled processing.
their interterence is evident as a decline in performance measures such as reaction
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time and accuracy. If P300 is associated with controlizd processing, it should reflect
such interference. Studies using dual-task paradigms (Isreal et al. 1980; Wickens
et al. 1983) have demonstrated that: P300 amplitude to infrequent targets in an
‘oddball’ task is reduced when a second task is performed concurrently, and its
amplitude to ‘oddball’ targets varies inversely with the difficulty of the second task
only if it requires controiled processing. For example, increasing the difficuity of
a well-leamned, presumably automatized, tracking task does not reduce P300 ampli-
tude in the concurrent oddball task, but increased difficulty of a monitoring or
vigilance task does. Further, P300 amplitudes in the two tasks vary reciprocally as
task difficulty is manipulated, suggesting that under these conditions it indexes the
distribution of processing capacity between tasks (Wickens et al. 1983).

11.4.2.5. The slow wave

Some tasks elicit a long-duration slow wave (SW), which begins as early as 180
msec and peaks between S00 and 700 msec. It has been distinguished from P300
by topography and behavior (reviewed in Ruchkin and Sutton 1983). SW ampli-
tude is larger for ail task-relevant stimuli, whether or not they are targets, and thus
can occur without P300 (N. Squires et al. 1975). Its amplitude has been reported
to be larger for non-targets in conditions where thev might require more processing
than targets (Friedman et al. 1981: Kramer et al. 1983), and to increase with task
difficulty, while P300 decreases (Ruchkin et al. 1980a). The SW is thought to be
associated with processes subsequent to stimulus evaluation in the context of the
current trial. possibly related to task performance over many trials (Ruchkin et al.
1980b; Stuss et al. 1980).

An interesting finding is that SW topography can change with task requirements.
[ts midline distribution is typically negative at Fz. positive at Pz, and about zero
at Cz. but in the "guess’ condition of a detection *ask. its posterior positivity shifts
forward (Ruchkin et al. 1980b). Aiso. an expernimental effect is sometimes seen
only in the frontal negative or parietal positive portions. This suggests that the
anterior and posterior components of the SW may be generated by different neural
processes (Picton and Stuss 1980; Fitzgerald and Picton 1981; Friedman et ai.
1981).

11.5. The variety of ERP components

This section deals in some detail with several topics in cognitive ERP research in
order to illustrate the basic information about cogniuve processing which resear-
chers must rely on in applying new methods of signal processing and analysis.

11.5.1. ENDOGENOUS NEGATIVE WAVES

In the past 10 vears the number of reported ERP components has increased drama-
tically. ERP events first thought o be unitary phenomena were later found to
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consist of several waves. distingu:shable by topography, experimental manipula-
tions and analyuc methods. We will discuss several negative waves which peak
between 100 and 400 msec post stimulus (reviewed in Ndatanen and Michie 1979b).

11.5.1.1. Processing negauvi:y

The ‘processing negativity’ /Naatanen et al. 1978), or ‘Nd’ (Hansen and Hillyard
1980), is a broad negative wave which is larger in amplitude for stimuli which must
be selected on the basis of simple physical properties. [t is thought to be a sign of
early selecuve attention. sometimes referred to as ‘channel selection.” Its onset and
duration retlect the nature and difficulty of sumulus selection. and its topography
reflects the modality and side of sumulation. Since it begins as earty as &) msec
and lasts for 500 msec. it overlaps the N10Q peak and causes an apparent increase
in N100 amplitude. which imually led researchers to attnibute the selective atten-
ton effect to N100 (Hillyard et al. 1973). It was disunguished from N10Q by 1ts
behavior in response 10 expenmental manipularons and by subtracung the avera-
ged ERPs for attended and unattended sumuli (Nddtanen et al. 1978, 1981 see
Fig. 4. this chapter). The processing negativity itself may be composed of several
components with differ=nt topographies and refationshiss to task requirements
{Hansen and Hillvard 1983). A sequence of negauve peaks in this latency range
were reporied 12 respond differentially to selection ot visual stimuli on the basis
of locauon. color. spatial frequency or orientation (Harter and Guido 1980; Harter
et al. 1982). The relationship of these waves to selective attention and sensory
channelsis not weil understood (discussed in Hillvard 1984, and Posneretal. 1984).

11.5.1.2. Missing sumulus neganviry

The mussing sumulus negativity (MSN) is part of the emirtted potenual elicited by
cccasional omussions in a regular sequence of sumuli (Klinke et ai. 1968). [n this
case. the carlier "exogenous’ waves are absent. anc¢ the purely endogenous MSN
bezins at the ume the sumuius was expected (see 1 2. 3). [ts amplitude 1s largest
over the appropriate sensory cortex for expected visual. auditory or sonesthet'c
sumuli (Simson et al. 1976, 1977a; Renault 1983}, and is relatively independent of
attention or task requirements (Nadtanen and Michie 1979a). The “4EN 15 similar
in topograpny and behavior to the NZ00 wave descnbed below.

11.5.1.3. The N2OU peaks

Inrreqeent sumuli which deviate from the majonty encit 4 negative wave at about
200 msec {Roth (973 Squires et al. 197). The stuimuli need not be task-relevant
or "attended’ (Snyvder and Hillvard 1976). and NZ00 amplitude 1s invexely related
to the frequency of deviant sumuli (Squires et al. 1975, Since N200 closely over-
laps the P20 peak. 1t 1s usnually measured in the difference waverorm by subtracting
the ERP to the frequent ‘standard’ sumuli from the ERP to deviant sumuli.

The NI wave has heen seen 1o consist of two separate peaks in 3 number of
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studies. The N2a or ‘mismatch negativity’ (MMN) is elicited by infrequent deviant
stimuli, task-relevant or not. Its sensitivity to probability and magnitude of devia-
tion led to the interpretation of N2a as a sign of ‘neuronal mismatch’ in the orien-
ting response to deviant stimuli. "an automatic, basic sensory process ... irrespec-
tive of, perhaps even unmodified by, the task and subjective factors' (Niitinen
1982). Its modality-specific topography suggests involvement of activity in and
around the sensory cortex (Simson et al. 1977a), and its amplitude, onset time.
peak latency and duration are affected by physical factors, such as stimulus discri-
minability, complexity. and nature and magnitude of deviation. The slightly later
N2b peak is not sensitive to these factors. but is affected by certain task-reiated
factors such as attention and categorization difficulty (Ritter et al. 1979). N2b has
a modality-independent fronto-central distribution similar 10 P3a. which appears
to aiways follow it (Squires et al. 1975, 1977). A similar pair of peaks have been
observed in the missing stimulus negativity (Renault and Lesevre 1979), and it has
been reported that in certain tasks N2b is preceded by a negative peak (termed
*NA™). which differs from N2a in that it is not affected by probability (Ritter et al.
1983a.b).

Since N2a (o1 ‘NA") is affected by exogenous factors. while the behavior of NZb
is more endogenous, and since an experimental manipulation which increases the
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Fig. 8. Differenual maniputauon of two N700 peaks. The earlier 'NA' wave 15 influenced by the
exogenous {actor of stimuius Jdiscnminaoility. while the later "N2° (NIb) s asfected by the endogencus
factor of categonzauon difficuitv The bars connect onset and peak latencies of NA and N2I. In both
tasks, increasing stmulus discnmunaouity by masking lengthens the onset-to-peak umes of NA. which
causes an idenucai delav in the onset of N2. The increase in difficulty of judgment of sumuius category
Detween tasks A and B does not affect the titungs of NA. but increases the peak latency and onset-(o-
peak ume of N2 (Adapted from Ritter et al. 1983a.)
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latency of the earlier peak produces an identical increase in the timing of N2b
(Ritter et al. 1979, 1983a; Renault 1983), they are thought to be associated with
successive, contingent stages of information processing. Several two-stage models
have been proposed: pattern recognition and stimulus categorization (Ritter et al.
1982. 1983a.b), two stages of the orienting re ponse (Nidtinen and Gaillard
1983), automatic and controlled processing (Ritter et al. 1983b). and active percep-
tual processing (‘template matching’) leading to evaluation of stimulus significance
and response selection (Renault 1983). All these models propose that the eartlier
wave is associated with automatic feature extraction processes which precede the
endogenous processes associated with NZb, and that their peak latency, onset and
duraton reflect the timing of such processes. High correlations of peak latencies
and reacuon times have been reported (Renault et al, 1982; Naitinen and Gaillard
1983). and differential manipulation of the amplitude and timing of the two waves
bv changes in physical (‘exogenous’) and task-related (‘endogenous’) factors sup-
port this theory (McCarthy and Donchin 1981 Ritter et al. 1982, 1983a.b; Fig. 8
of this chapter).

11.3.2. CHRONOMETRIC MODELS oF ERPs

‘Chronometrics’ refer to methods for inferning the scquence and timing of compo-
nent s:ages of cogmtive processing (reviewed in Chase 1984). This approach was
proneered by Donders in the mid-1800's and has been most elegantly applied in
the work of Posner (1978). Chronometric analysis is well suited to ERP studies.
since the timing of onset. peak latency and duration of the waves associated with
vanous cognitive factors can be used to infer the temporal relationships of proces-
sing stages. The short and medium latency peaks in the first 80 msec following a
sumulus are highlv exogenous: their latency and topography depend on the moda-
lity, intensitv, and other physical properties of the sumulus. The P100 and N100
peaks are also considered exogenous. generated primanly n sensory cortex, al-
though it is likely that other cortical areas are also invoived (Gortf et al. 1978:
Wood et al. 1980 Allison 1984). They are thought to refiect later stages of feature
encoding. The P200) peak which immediately follows N100 is usually considered
=vogenous. although its topography is less dependent on stimulus modality and
not largest over sensury cortex. [f the task requires selection cf sumuli on the basis
of simple physical properties. the long-duration ‘processing negativity,’ thought to
be a sign of early selective attention. may occur in this latency range (Nddtdnen
et al. 1978).

If the sumu'ns differ= from the majonty of stimuli. the N2-P3a peak compiex
occurs in the .ul=300 msec range (N. Squires et al. 1975). Task relevance (‘atten-
tion’) is not required, and their amplitudes vary inversely with probability. N200
consists of two successive peaks. The earlier peak. termed NZa. mismatch negati-
vity and NA by various authors. is affected by exogenous factors such as stimulus
modalitv. compicxty, discnminability, and nature and magnitude of deviation,
whereas N2 is senzitive to higher-order task factors such as difficulty of stimulus
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categorization. Also, since the timing of N2b is affected by changes in latency of
the earlier wave, and MN2b latency is highly correlated with reaction time. N2a (or
NA) and N2b are thought to reflect successive, contingent stages of automatic
feature recognition (template matching) and subsequent task-related evaluation
(see Section 11.5.1.3).

If the stimulus is also sk relevant. P3a will be followed by the P3b (P300) peak.
usually largest over parietal (‘association’) areas. The behavior of P3b is affected
in a complex manner by numerous cognitive factors of a higher order than the
preceding waves (see Section 11.4.2). P3b appears to be involved in almost all
types of higher cognitive functicns. Some tasks elicit later peaks such as the N300,
thought to be associated with semantic processing (see Section 11.5.3.1). and the
long-duration slow wave. peaking between 500 and 700 msec, which seems associat-
ed with processes subsequent to sumulus evaluation in the current trial. possibly
refated to task performance over many trials.

A typical visual discrimination task might consist of identifying designated target
stimuit which occur infrequently in a sequence of ‘standard’ stimuii. and making a
finger movement in response to targets. The averaged ERP for target stimuli might
contain a sequence of peaks like those at the top of Fig. 9: P90, N130, P190. N22¢
(N2a), N250 (N2b). P290 (P3a), P375 (P3b). a slow wave {SW) peaking at 573
msec. and negative movement-related potentials (RP) peaking at 500 msec. The
chronology of onset. peak latency and duration of the component waves in this
hvpothetical wavetform. as might be derived by PCA. subtracucn. topographic. or
other methods. is illustrated in the lower part of Fig. 9. These component waves.
which are associated with various aspects of the stimulus and task processing. can
be seen to wax and wane in a highly overlapping manner. Since the onsct of a
particular wave often precedes the peak of the previous wave, it appears that the
neural process indexed by the later wave begins before the culmination of the
preceding stage. which agrees with evidence from chronometrc behavioral studies
that cognitive procsssing involves muitipie parallel and sequential stages.

Most modeis applied to ERPs to describe the flow of information between stages
are denived from psvchological studies (discussed in Chase et al. 1984). The as-
sumption of strictlv sequential processing stages, as in Sternberg’s ‘additive factor
method’ (Sternberg 1969), seems unsuited to most ERP phenomena. Several mo-
dels combining parallel and sequential views have been considered. including
McClelland’s "cascade modei’ (McClellanc 1979), the ‘asynchronous discrete stage
mode!l” of Miller (1982). and others based on similar principles. such as "conun-
uously available output’ (Norman and Bobrow 1976) and *continuous flow’ (Erik-
sen and Schultz 1979). The approach of Posner. though not expressed as a general
model. is perhaps the most promising for chronometnnic ERP analysis (Posner
1978).

Considering the hvpothetical ‘components’ of the ERP waveform for target
stimuli of our visual discrimination task (Fig. 9) in terms of information flow and
processing stages. we might speculate that the encoding of stimulus features begins
with the mud-latency exogenous waves berween 40 and 80 msec and continues
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through P90, N130 and P190. The feature codes necessary for identification of
target stimuli must be available by the N2a peak at 225 msec, since N2a (or *NA’)
is affected by the nature and degree of deviation from the ‘standard’ (i.e., the
mismatch between feature cade and internal ‘neural template’ of the frequent
*standard’ stimuli). This idea is supported by the increase in latency and duration
of NA caused by degraded or compiex stimuli, which may require more processing
1o generate a utilizabie feature code. Such an increase in timing delays the succeed-
ing N2b by the same amount, indicating that processes associated with N2b are
contingent on those associated with the earlier wave. N2b itself is sensitive to more
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Fig. 9 Tup: model averaged ERP waveform for infrequent target sumuli in a3 hypotheucal visual
discnimination task. showing mid-latency, P1, N1, P2, N2a, N2b, P3a. P3b and slow wave (SW) peaks.
the "processing negatvity,” and the movement-refated readiness potenual (RP). Bottom: hypothencal
‘components’ of the waveform. as mught be inferred by subtracuon. PCA and topographic methods.
showing rheir onset umes. peax latencies and duranons. Note the high degree of overiap of successive
components. (See text for further discussion. )
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‘endogenous’ task-related factors which do not affect N2a. The topographies of
N2b and the similarly behaving P3a which follows it are not affected by stimulus
modality. suggesting that they are associated with processes involving a modality-
independent or ‘common code.’ The increase in N2b lateacy caused by categoriza-
tion difficulty and its high correlation with reaction time suggests that it is as-
sociated with evaluation of stimujus information required for response selection.
The P3b (*P300°) peaks at 375 msec and is elicited only by task-relevant stimuli.
Its latency is sometimes (but not always) moderately correlated with N2b latency
and reaction time. Its amplitude is larger for stimuli which match the memorized
target. but also becomes larger as the frequency of target stimuli is reduced. Con-
sidered along with its latency behavior (see Sections 11.4.2.2 and 3). P3b appears
to be related both to stimulus evaluation in the current trial and also to the updat-
ing of an internal schema or expectancy set subsequent to stimulus evaluation.
That is. it seems to be contingent on ‘common codes’ associated with stimulus
evaluation (possibly indexed by N2b), but utilizes those codes for updating an
internal schema which is involved in task performance over a series of tnals. The
slow wave also seems related to processes subsequent to stimulus evaluation: it
may also be involved in ongoing task performance. perhaps more than P3b. since
it is strong for non-targets as well as targets.

11.5.3. LANGUAGE AND LATERALIZATION

11.5.3.1. N400

Recently. a negative wave peaking at about 400 msec was reported to be related
to ‘semantic incongruity’ in the reading of sentences (Kutas and Hillyard 1980a.
b). This "NI0Q" wave was elicited by a word which was semantically inappropnate
in the context of a sentence. A semantically appropriate word prescnted in a larger
typeface elicited a P300 wave without N40Q. suggesting that deviation from seman-
tic context was required for elicitation of N400. In support of this interpretauon.
N400 was found to be relatively insensitive to the probability of semantically inap-
propnate words. and also, violations of grammar did not elicit an N40(Q-like wave
(Kutas and Hillyard 1982). Later studies (Kutas et al. 1984) indicated that N<00
amplitude was related to semantic expectancy. rather than semantic inappropriate-
ness per se: appropnate words with a low degree of semantic expectancy (Cloze
probability) also elicited N300, aithough smaller in amplitude than for inappropn-
ate words. Similar waves have been reported fcr semantic mismatch in word pairs.
for words outside an expected category. and for semanuc judgments of picture
sumuli (reviewed in Kutas et al. 1984). Such findings led to the hvpothesis that
N30 reflects pnming or facilitation in semantic processing.

Semanuic expectancy mav not be the only factor which elicits N400. Similar
negative waves have been produced by naming single words and pictures. where
there 1s no semantic context. and by non-semantic tasks such as mental rotation
and companson of geometnical figures (Stuss et al. 1983). It has been suggested
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that N400 reflects the utilization of short-term working memory in maintaining a
task-related context, semantic or otherwise, which would certainly be involved in
the processing of long sentences.

11.5.3.2. Lateralization studies

The right-sided lateralization of N400 (Kutas and Hillyard 1982) is difficult to
interpret in view of the abundant neuropsychological evidence for the involvement
of certain left-hemisphere cortical areas in linguistic functions. The well substantia-
ted role of the ‘language’ areas of postenor fronial and temporal cortices of the
domirant hemisphere (usually the left hemisphere in right-handed persons) makes
languause a good choice for studying the localization of neurocognitive processes.
Many attempts have bezn made to measure language-associated lateralization and
localization 1n the EEG and ERP. but the findings have been inconsistent (re-
viewed in Beaumont 1983: Gevins 1983; Molfese 1985 Rugg 1983; Butler and Giass
1986). Topics which have beesn addressed include acoustic and phonetic processing
(Wood 1975: Molfese 1980). the effect of semantic context on homonvms (Brown
et al. 1979). connotative (affective) value (Chapman 1977; Chapman et al. 1980).
and lexical and semantic functions (Buchsbaum and Fedio 1970: Brown et al. 1976:
Chapman et al. 1978: Molfese 1979). The sernes of studies by Kutas and colleagues
are particularly interesting and include. in addition to the N400 studies mentioned
above. studies of natural sentence processing. grammar. and differencas betweer
processing of open-class (content) and closed-class (function) words (Kutas and
Hillvard 1980a.b.c. 1982: Kutas et al. 1984).

A number >f studies have reported language-associated hemispheric lateraliza-
tion of one or more ERP peaks. often with larger amplitudes over left hemisphere
sites of nght-handed people. Unfortunately. many of the studies are of question-
able vahdity due to methodological flaws (reviewed in Friedman et al. 1973: Don-
chin etal. 1977, Gevins et al. 1979¢. 1930 Beaumont 1983: Gevins 1983). Common
shortcomings include failure to properiv isolate the intended linguisuc function
due to poor experimental design: inadequate control of spurious factors such as
stimulus properties. eye movement, response movements, sub-vocalization and
task difficuity: and inappropriate location of the reference elecirode. Also.
anatomical differences berween hemispheres in the temporo-panetal region must
be taken into account in evaluatng interhemisphenc differences between elec-
trodes situated over the postenor ‘language center’ (Wernicke's area). An (lustra-
tion of the 1mportance of experimental control is provided by two studies of Gevins
and colleagues (Gevins et al. 197%a.b.¢). The differences in lateralizaton of EEG
spectral power berwesn verbal and non-verbal (spaual) tasks found in the first
studv were not observed in a3 subsequent study in which task difficulty. stumulus
and movement-related factors were more highly controlled.

Cther reasons for the failure to find consistent patterns of lateralizauon and
localization related to linguistic and non-linguistic funcuons include the use of
paradigms based on simplisuc neurccogmtive models. and inappropnate or in-
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adcquafc brain potential measures and analyses. It is unrealistic to assume that
just one or two cortical areas are involved in any specific cognitive function (Luda
1977). In the case of language, regional cerebral biood flow (rCBF) studies have
shown that during language tasks the pattern of cortical activation in the non-do-
minant hemisphere is almost a mirror image of the activation of the ‘'language
areas’ of the dominant hemisphere (Lassen et al. 1978). Thus the brain potentials
associated with this bilateral activation might not exhibit gross lateralization of
amplitudes. and the measurement of any subtle hemispheric differences might
require more detailed spatal sampling and more sophisticated methods of signal
processing and analysis. For example, in a study companng split-second numeric
and spatial judgment tasks. Gevins and colleagues (1981) found no sigmificant
lateralizations of peak amplitudes in the averaged ERP. However, when a singie-
trial measures of waveshape similarity between electrodes (cross-correlation) in
brief analysis intervals spanning the major ERP peaks were analyzed by mathemat-
ical pattern recognition techniques. they found complex patierns of evoked corre-
lations which differed between tasks. The lateralization of correlations were mixed.
although in two intervals they were predominately nght or left sided.

11.6. Advances in recording and analysis

A major research chailenge is the development of better methods of resclving the

complex signals of cognition. which overlap both temporally and spzually at the ‘
scalp. Progress is being made in several areas. including ERP estimation, post-pro-
cessing, spatial sampling and analysis, source localization, and the modeling of
neurocognitive processes.

11.6.1. ImprOVED ERP ESTIMATION

Although the averaging technique is useful, its effectiveness is limited by tnal-to-
tnial vanability in the timing. shape and strength of event-related signals (see
Chapter § of Vol. 1). Considerable effort has been directed toward improving
methods of event-related signal measurement and ERP estimation. but although
some techniques are applicable in particular instances. no single method which can
replace averaging has been developed (see review in Gevins 1984). Methods for
reducing the effect of ‘atypical’ tnals in averages. such as down-weighung (Gasser
et al. 1983) or elimination of outliers (Gevins et al. 1986; see Chapter 5 in Vol. 1)
are simple and fairly effectve. The use of Wiener filtenng (aiso called ‘'minimum
mean square error.’ or MMSE) to improve the event-related signal in the average
ERP has been considered (see Chapter S in Vol. 1. Chapter 10 of this Volume. and
reviews in De Weerd 1981 and McGillem et al. 1981). but their usefulness in study-
ing neurocognitive signals has not been demonstrated. Latency correction proce-
dures have been used 0 compensate for tnal-to-trial varianons in the nming of
event-related signals by shifting the temporal position of individual tnals before
averaging (Woody 1967). However, for these procedures to be effective. the event-
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related signal must be relatively large with respect 10 background EEG., and filter-
ing of rhythmic background EEG is necessary (see Section 11.2.1.2). A possible
improvement might be the application of latency correction only to trials with
distinct event-related signals. Since the timing and shape (i.c., frequency) of in-
dividual peaks in the ERP waveform can vary independently, it is clear that the
ERP is not a stationary process, and recently developed time-varying filters (see
Fig. 1. Chapter 10) mayv provide more accurate measurement of neurocognitive
signais (De Weerd 1981; Yu and McGillem 1983). Significant advances in ERP
signal esumation should occur when analvtic models with greater neurophysi-
ological fidelity are developed (see 11.6.5 below).

11.6.2. IMPROVED POST-PROCESSING

Another area where improvement is needed is feature extraction, which is the
determination of those signal properties which best charactenze the cognitive fac-
tors defined by the experimental conditions. Heuristic feature extraction. the most
common method. consists of manually or automatcally measuring the latency and
ampiitude of an ERP peak of interest. However, overlapping components can
render such measures ambiguous. and simple heuristic methods may extract only
a small portion of the information in the ERP. PCA is commonly used as an
‘objective’ method of ERP feature extraction (Harman 1976; see Chapters 3. 16
and 17 in Vol. 1) and has been used in many studies (Donchin 1966. 1979: Thaicher
and John 1977. Donchin et al. 1978). However, a number of somewhat arbitrary
decisions must be made in applying PCA. including the segment of the time series
to transform. the type of filters to be used. the number of channels. expenmental
conditions and persons to include. and the tvpe of rotation to apply to the extracted
components. These decisicns are crucial. since mixed sources of vanance in the
data can cause confusion in interpreting the meaning of the extracted components
(Van Rotterdam 1970; Rosler and Manzey 1981. Woed and McCarthy 1984). As
a means of staustical feature extracuon, the major drawback of PCA is that the
small amount of residual vanance unaccounted for by the major components might
be crucial in charactenzing and distinguishing the cognitive functions being studied
(see Chapter 17 in Vol. 1). Also, linear combinations of vaniables may not be as
effective as other combinations formed by procedures which do not assume linea-
nty (Gevins 1980. 1984).

As an alternanve to the use of PCA for feature extraction, mathematical pattern
recognituon (PR) procedures have been successiully used to choose ERP features
and {eature combinations which are good or even opuimai for hypothesis tesung
(see Chapter 17 in Vol. 1). One such algonthm. known as stepwise Jiscriminant
analysis (SWDA) (Sampson 1967), is widely available and has been extensively
used for feature selection and hvpothesis resung (Donchin 1966: D.O. Walter et
al. 1967, reviews in Gevins 1980. 1984: McGillem et al. 1981). SWDA first chooses
the vaniaple with the greatest rano of between-condition to within-condition va-
nance and the selects succeeding vanables by the same critenon after removing
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the variance accounted for by variables aiready chosen. Despite its popularity,
SWDA and other methods which choose variables one at a time have a major
limitation: the set of best variables chosen one at a time is unlikely to be as good
as a set of variables chosen in combination (Cover 1974; Cover and Van Campen-
hout 1976). The only way to determine the best combination of variables is to try
all possible combinations, but this is computationally impractical in most cases.
Algorithms which efficiently compute all possible linear subsets of varables have
been developed (Fumival and Wilson 1974), but the problem remains when there
are many vznables or when non-linear combinations are desired. In such cases.
carefully considered temporal or anatomic constraints must be used to limit the
search for variable subsets. Anatomical constraints can be applied by forming
neurophysiologically relevant subsets of electrodes, and temporal constraints can
be applied by limiting the search to brief time intervals determined from the major
peaks in the averaged ERP (Gevins et al. 1979a. 1981, 1985).

Regardless of the feature extraction procedure used, the underlying problem is
that stazistically independent features are not necessarily neurophysiologically inde-
pendent. For example, if an experiment causes the event-related activity of several
brain systems to covary together. only one statistically independent feature may be
required to characterize the activity of the several systems. There is at present no
general solution to this problem other than to design expenmental conditions
which may highlight differences between neural systems. and to organize the data
for analysis using a priort neurocanatomical and neurophysiological knowledge
(Gevins et al. 1979a, 1981, 1985).

11.6.3. SPATLAL ANALYSIS

11.6.3.1. Need for more electrodes

The resolution of neurophysiologically distinct ‘components’ is perhaps the major
problem in ERP research. Much effort is devoted to devising variauons of a few
basic paradigms. but little to increasing the dimensionality of parametrization of
event-related brain signals. Small changes in peak amplitude or latency at a few
midline electrodes are assumed to be adequate to characterize the mass neural
activiry of a large number of psychological functions. For example, since the 2300
wave is affected by many factors. how can it be determined whether the P300
elicited in one paradigm is the same P300 observed in other paradigms. or 3
different one associated with different neural processes? The P200 elicited by "no-
go' stimuli in 2 go/no-go task is more ante-ior in distnbution than the “typical’ P3
(Simson et al. 1977b). and the frontal or "novelty’ P300 elicited by unexpected
stimuli is even more anterior (Courchesne et al. 1975). Do such variations reflect
changes in the activity of the same neural sources, or the invoivement of different
sources? Information from a larger number of electrodes. especiaily lateral ones.
could shed some light on this issue, but very few studies use more than the usual
3 or 4 mdline sites. For instance. although the mudline distnbution of P300 is
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unaffected by stimulus modality, modality effects in its lateral topography have
been reported (Snyder et al. 1980). Studies using up to 50 electrodes indicate that
a high degree of spatial sampling s useful in distinguishing ERP componeants (Leh-
mann 1981, 1984; Gevins et al. 1984; Lehmann and Skrandies 1984; see also Chap-
ter 12 in Vol. 1).

The spatial patterning of scalp-recorded brain signals is complex, reflccting the
activity of many anatomically and functionally differentiated neural systems. Re-
cordings of many EEG channels simuitaneously are becoming more common due
to advances in technology (Lehmann et al. 1969; Lehmann 1971, 1984. Kavanagh
1972, Kavanagh et al. 1978; Darcey 1979; Darcey et al. 1980; Ary et al. 1981;
Gevins et al. 1984). Basic methodological considerations, such as the separation
between electrodes required to avoid spatial aliasing must be considered (see Vol.
1, Chapters 3 and 12). With 60 electrodes evenly distributed over the head, the
average inter-electrode distance is about 3.25 cm; with 120 eiectrodes. the distance
is about 2.3 cm. Preliminary analyses of the spatial spectrum of endogenous ERPs
elicited by unpattermned visual stimuli indicate that a spacing of about 2 em is
necessary to avoid appreciable spatial aliasing (Doyle and Gevins submitted).

11.6.3.2. Removing the effect of the reference elecrrode

The locauon of the reference electrode greatly affects the topography of brain
potentials. A P300 peak recorded with mastoid or chest reference has a maximum
positive amplitude at Cz or Pz. but is more posterior with a nose reference. and
becomes a negative peak with an occipital maximum when a common average
reference is used.

The Laplacian derivation (LD) promises to be useful in removing the influence
of the reference location, and also in reducing the blurnng effect of volume conduc-
uon (Hjorth 1975; Nunez 1981). This technique uses the potentials recorded from
a local group of electrodes to compute the curvature of the electrical field at the
center electrode. vielding a measure of electrical current perpendicular to the scalp
at that site. LD measures are independent of the location of the reference elec-
trode. and are less sensitive 1o current sources outside the boundary of the local
electrode group. The abtlity of the LD to sharpen spatial detail and enhance weak
signals in the EEG has been demonstrated (Spehr 1976; Murray and Cobb 1980;
Wallin and Stalbergz 1980). It has only recently been appiied to ERPs. and seems
effective in sharpening the spatial pattern of exogenous components for visual
suimuli {Thickbroom et zl. 1984), and auditory stimuli and movement-related sig-
nals (Gevins et al. 1984). The LD distributions of endogenous components are not
as localized. but the overlapping late positive peaks are more distinguishable by
their LD topography (Gevins et al. 1984). Computation of the LD amounts to
little more than adding the bipolar EEG channels surrounding a particular elec-
trode. each weighted by the inter-electrode distance. but the LD works best when
manv channels are recorded and the LD cannot be accurately determined for
channels on the penpnery of the montage. Spatial deconvolution procedures are




364 . A.S. GEVINS and B.A. CUTILLO

also reference independent and provide even more reduction of volume conduction
effects than the LD (Doyie and Gevins submitted).

11.6.3.3. Analyzing spadal information

The first step in spatial analysis is computation of the topographic pattern of ERP
voltages (Lehmann et al. 1969; Lehmann 1971; Kavanagh 1972). Topographic
maps consist of isopotential contour lines representing the peaks and valleys of
potential or current, much like topographic geophysical maps. Since the location
of the reference electrode has a strong effect on scaip topography {(Lehmann 1984;
Lehmann and Skrandies 1984; see Chapter 12 in Vol. 1), voitages should be con-
verted to reference-independent measures by Laplacian denivation or spaual de-
convolution. Comparison of topographic patterns across persans is problematic:
scalp electrodes positioned by reference to skull landmarks are not precisely coor-
dinated with underlying cortical areas, the variation betwesn a scalp site and a
designated cortical area being about 1 cm. [n addition, functional neuroanatomy
differs among people. so that activity at a particular electrode may not be function-
ally equivalent across persons. One solution is the use of magnetic resonance
imaging (MR]) to determine the relative position of scalp electrodes and corucal
areas (Doyle and Gevins subritted).

While valuable insights can be gained by examining topographic maps. statistical
methods are needed to quanufy spatial information. One approach is tc reduce
the information for statustical analysis to a few features. such as the location.
arientation and magnitude of an ‘equivalent current dipole’ (Kavanagh 1972: Kava-
nagh et al. 1978; Darcey 1979; Darcey et al. 1980) or the locations of maximum
positive and negative potential values (Lehmann 1971; Lehmann and Skrandies
1980. 1984). Multivaniate statistical methods can also be used to evaluate spatial
patterns by reference to normative values from control populations (John et al.
1977a. b. 1983: Duffv et al. 1981). or by making comparisons between experimen-
tal conditions for each electrode or group of electrodes (Gevins et al. 1979a.b.c.
1981. 1983. 1985). These and other aspects of spatial analysis are discussed in
detail in Vol. t. Chapters 3, 12, 17 and |8 (see also Section 10.5 of Chapter 10).

11.6.3.4. Measurement of inter-channel relationships

Studies of the inter-refationship of event-related activity berween different scalp
locations aim to find some indication of ‘functional coordination’ or ‘interdepen-
dency' berween neural areas. Such information is potentially useful for infermnng
the presence of several simultaneously active sources. There are two ways of doing
this: the characreristics of the ERP w~aveforms mav be quanufied for individual
channels and the resuiting measures compared between channels. or the relation-
ship between channels can be directly quantified by vanous measures of similarnty
or interdependence of their activity, with particular emphasis on the time lag
between channels. Some of the measures of inter-channel! interdependence inclu-
de: spectral coherence (D.O. Waiter 1963: see Chapter 4, Vol. 1}: polycoherence
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(Saltzberg 1985; see Chapter 4, Vol.1); partial coherence (Gersch and Goddard
1970; see Chapter 10 in Vol. 1); information-theoretic measures (Callaway and
Harris 1974; Saito and Harashima 1981; Inouye et al. 1983; Mars and Lopes da Silva
1983; see Chapters 6. 10, and 11 in Vol. 1); correiatica (see Fig. 10; reviewed in
Livanov 1977; Gevins et al. 1981, 1985: see Chapter 6 in Vol. 1); and multichannel
non-stationary autoregressive modelling (Gersch et al. 1983; see Chapter 10. Vol.
1).

Onlv a few of these methods are applicable to very brief data segments. which
is necessary for resolution of the spiit-second stages of neurocognitive processing.
Sometimes it is possible to use sets of short data segments from several trials

Fig 1) Meuasures of the similarity in the shape of event-reiated potenuul components recurded from
different channeis have Sesn used (o study spatiotemporal interdependencies between neural svstems.
In tms ddlustration. the most sigmfican: event-reiated covauiance patterns of 7 nent-handed adults
duning an interval from 0 (0 375 msec after the presentauon of a cue are snown. The cue prepared
suotects 1o make 3 response with the nght or left hand: a visual stimulus appeanng | sec after the cue
indicated the magnitude of the required finger pressure. The thickness of 3 hine is proportional to the
nezative log of its sigmificance from 0.05 to 0 00§ The coior »f 3 line indicates the ume 3t which two
channets are maximailv svncaromized fveilow: J-15 msec: greea: 16-31 msec: biue: 327 msec; red:
44-79 msec: purple > W msec). These preparatory patterns are /ocused primaniy on ieft prefrontai
<nd midhine precentrat e:ecirodes for pertormance by notnh hands. .nd central and panetal eiectrodes
acpropnately contraiaterai 1o the hand 10 be used for :he response. Sincs there was no sign of gvert
muscie or eve movement acuivity. these patterns suggest that preparatory sets may he compused of
cognitive, ntegralive-motor. somesthetic-motor and visuopercedtual comoponeats. For detaiis apvut
covariance patterns associated with sudsequently accurate or inacsurate pertormance. see Gevins et al.
119%6)
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which presumably contain consistent signals of a particular process. Furthermore,
for a measure of ‘functional coordination’ to have anatomical and physiological
validity, it must be independent of reference location and should provide infor-
mation about the remporal relationship of inter-channel signals. that is. whether
the event-related signals of one channel lead or ‘predict’ those of another channel.

11.6.4. LOCALIZATION OF NEURAL SOURCES

11.6.4.1. General considerations

Determining the sources of scalp-recorded brain activity is a difficuli problem.
especially in the case of ‘endogenous’ signals related to cognition. Tre use of
‘equivalent current dipole model’ techniques t0 infer the neural sou.ce of a ~aru-
cular pattern of electric or magnetic fields observed at the scalp is appropnate only
in special instances which conform to the assumptions of the model (Kavanagh et
al. 1978; Darcey et ai. 1980 Ary et al. 1981; Nunez 1981:; Williamson and Kaufman
1981a.b: Cohen and Cuffin 1983; Okada 1983; see Chapter 9 in this volume. and
Chapters 13 and !4 in Vol. | regarding dipole modeling for the visual svstem).

The assumption of single generators seems particularly unrealistic in the case of
higher cognitive functions, which involve the integrated acuvity of a number of
neural areas (Luna 1970). Since the areas involved can be widely distnibuted ana-
toinically and vary in orientaton, it is not usually possible to denive a umique
source corresponcing to the complex electrical and magnetic field distnibutions
recorded at the scalp. Multi-source solutions may be possible in some instances by
using anatomic constraints derived from knowiedge obtained from studies of focal
brain lesions and radiological metabolic techniques.

Another probiem is the distortion of electrical fields as they pass through the
tissues between cortex and scalp, resulting in spatial smeanng of low frequency
pctentials and attenuation of higher frequency activity at the scalp. The degree of
distortion varies among scalp locations and persons. This distortion can be correc-
ted by 2-dimensional spanal deconvolution (Nicholas and De Loche 1976; Hjorth
1982) and practical techmques for implementing this are being developed (Dovle
and Gevins submutted).

The magnetic fields of the brain are relatvely undistorted by the tissues betwezn
cortex and scalp, and plausible 3-dimensionai equivalent dipole localizations of
certain l1ghly localized sensory and motor sources have been achieved even with
the relauvely crude devices currently available (reviews in Erne et al. 1981 Wil-
liamson and Kaufman 1981a.b: Kaufman and Williamson 1982: Okada 1983:
Weinberg et al. 1985). Magneuc fields measured at the scaip are generated pnma-
nly bv tangentially onented sources. rather than the mixture of radial and tangen-
tial sources of scalp-recorded c¢lectnical fieids. Thus the magnetoenczphalogram
prevides complementary information to the electrcencephaiogram. and a great
advance in source localization can be exnected when technoiogical developments
permit the simultaneous recording of manv magnetic and electnc channels.
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11.6.4.2. Sources of cognitive signals

Exogenous ERP components which accompany sensory stimuli and motor actions
have patterns of scalp localization corresponding to sources in primary and secon-
dary sensory cortex and motor regions (Goff et al. 1978; Wood et al. 1980, 1982;
Allison 1984; also see neuromagnetic references in previous section). The N100
peak is maximal at occipital sites for visual stimuli and midline central sites for
auditory stimuli (presumably projected from tangential auditory cortex generators
in the temporal lobe). Somatosensory and motor ERPs also have topographies in
agreement with neuroanatomic and neurophysiologic localizations. However, no
clear-zut cortical or subcortical sources have been determined for endogenous
components such as the N200, P300 and slow wave. In the case of P300. intracranial
recordings from neurosurgery patients suggest that it arises from multiple subcor-
tical sources {discussed in Wood et al. 1980, 1982; Squires et al. 1983). In one
study (Halgren 2 al. 1980). a strong P300-like wave was observed to reverse
polarity between different locations in the hippocampus. suggesting an active gene-
rator there, but its peak occurred after the P300 recorded simultaneously from the
scalp. which weakens this inference. Poiarity reversals of P300-like waves have
also been recorded near the thalamus (Yingling and Hosobuchi 1984), and between
scalp and nasopharyngeal electrodes located beneath the brain (Perraulit and Picton
1984). However, the absence of frontal and parietal P300s in patients with anterior
and posterior cortical lesions argues in favor of cortical involvement (Knight et al.
1980). Magnetoencephalographic studies suggest sources in the hippocampus
(Okada et al. 1982), but the evidence is somewhat inconsistent. and it is possible
that this technique favors sharply localized hippocampal activity over diffuse. dis-
tributed cortical activity.

11.6.5. NEUROCOGNITIVE MODELS

Most neurocognitive studies are based on very simple models of neurocognitive
processing. For example. in EEG studies it is assumed that neurocognitive proces-
ses are relatively stable states which can be characterized by patterns of spectral
intensities (the energy in various frequency bands over epochs from several seconds
to minutes long). This is unrealistic in view of the split-s~cond timing of the stages
of cognitive processing indicated by behavioral and ERP studies.

A more dynamic view of neurocognitive processing is assumed in ERP and
ERMF studies. In clinical use of the very early ‘far-field’ evoked potentials to test
the ir.egnty of sensory pathways, there does appear to be a direct correspondence
between successive peaks and ascending anatomical structures, but the situation
with higher percaprual and cognitive functions is more compiex. In cognitive ERP
studies. it is usuaily assumed that once a task has been learned. the brain processes
stimuli and generates responses in a deterministic manner. The successive peaks
and waves of the averaged ERP, or the principal components corresponding to
them, are assumed to retlect the stages of task processing, and between-condition
changes in amplitude or timing of a peak are taken as indices of the expenimental
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manipulation of a particular cognitive function and specific neural sources. The
contribution of trial-to-trial vanability to such amplitude and latency changes is
not usually considered. Although cognitive ERP studies continue to produce inter-
esting results, they are limited by the unrealistic simplicity of their implicit models
of neurocognitive processing and the resultant assumption that these complex pro-
cesses can be indexed by a few amplitude and latency measurements. Similar
effects in an ERP component can often be produced by different experimental
manipulations, and the behavior of a component in one paradigm frequently con-
flicts with its behavior in another when interpreted within the context of a simplistic
model.

In developing better models for future research. it may be important to consider
that the brain systems which generate event-related signals may not be different
from those which produce ongoing EEG activity. It is possible that the task stimu-
lus induces a reorganization of ongoing activity in a neural system as a subset of
its population becomes engaged in event-related processing (Sayers et al. 1974:
Basar 1980). This reorganization may be evident as pre- to poststimulus changes
in amplitude. frequency, timing and inter-electrode coordination of low frequency
macropotentials. An appropriate model might combine the “stimulus-evoked activ-
ity’ and ‘pre- to poststimulus reorganization of activity' approaches, and would
have the advantage of taking into account the prestimulus activity related to expec-
tancy. preparation and attentional set. Further, because of the brain’s complex
hierarchical/parallel organization and flexibility. the same avert behavior in a cog-
nitive task might be associated with different configurations of regional activity.
especially through the learning. skilled performance and ‘automatized’ phases of
an experiment (John et al. 1977a; Thatcher and John 1977). Improved analvtic
models should allow for such possible variation in functional organization.

Recent studies in animals are paving the way for improved models of neural
processing in humans. Freeman and colleagues have demonstrated that spatial
patterns of macropotentials in the olfactory system of rabbits contain information
not present in the firing of single neurons. that these patterns are ‘neural templates’
evoked during conditioned expectation and perception of specific odors, and that
there are correlations between the macropotential patterns of oifactory bulb and
cortex (Freeman 1975. 1979a.b.c. 1981, 1983; Bressier 1984, 1986; see Chapter
18 in Vol. 1). It is a large leap from rabbit paleocortex to human neocortex. but
similar principles of mass neural organization may also apply at the more macro-
scopic level.

Understanding of human neurocognitive processes will advance in pace with
improvements in recording and analytic technology. The next generation of re-
search will probably view neurocognitive processing as a rapidly shifting, distrib-
uted network of integrated activity in many cortical and subcortical areas. The
first step toward development of such a2 model will be the measurement of some
sign of functional coordination between neural areas during cognitive tasks. In the
coming decade we might expect to achieve a high degree of spatial resolution
through recordings of more than 200 electric and magnetic scalp sensors combined
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with advanced analytic techniques such as spatial deconvolution. In some cases.
this may include 3-dimensional localization of multiple. simuitaneously active
sources.
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Appendix

The probe ERP method is an attempt to obtain information about regional brain
activity associated with cognitive processes from ERP waveforms elicited by irreie-
vant ‘probe’ stimuli presented at various times during a task. This is an adaptation
of the probe reaction-time method used in psychological studies to assess the
commitment of limited-capacity processing to a primary task. The basic assumption
of the probe ERP method. the ‘ceiling’ or ‘limited capacity’ hvpothesis. proposes
that the neural response to a probe stimulus is reduced by the commitment of a
local neural population to primary task processes (reviewed in Papanicolaou and
Johnstone 1984). For example. the right-sided lateralization of P100 and N1U{)
peaks for visual probes during an auditory linguistic task (relative 10 a non-verbal
task) was due to lower amplitudes over left hemisphere (‘language’) sites (Papani-
colaou 1980). Reduced probe ERP amplitudes over left hemisphere sites have also
been measured during mental arithmetic (Rasmussen et al. 1977) and visuospatial
tasks (Papanicolaou et al. 1983).

The significance of the brain’s response to non-contingent probes and the effects
of probes on task-related processes have not been determined. If the probe ERP
is affected by task processes (via the ‘ceiling effect’). then probe stimuli mav in
turn affect those task processes. Questions about the effect of probes on cortical
activation and the habituation of responses to frequently presented probes are
raised by observations of regional changes in ERP amplitudes and EEG spectral
coherence associated with levels of autonomic arousal and stages of conditioning
(Gershum et al. 1960. Khachaturian and Gluck 1969; Khachaturian et al. 1973:
Hudspeth and Jones 1975). Habituation of probe ERP amplitudes was evident in
a study comparing auditory linguistic and non-linguistic tasks (Shucard et al. 1977).
Probes consisting of pairs of tone pips 2 sec apart elicited task-related asvmmetnes
due to larger ERP amplitudes for the second tone over the hemisphere presumed
to be invoived in each task. This was attributed to a difference in the “habituation
recovery cycle’ between engaged and non-engaged hemispheres. implying that the
engaged hemisphere was 'too busy’ to habituate. It is not clear how this result
relates to the ‘ceiling hypothesis’ which proposes that probe amplitudes will be
reduced over ‘engaged’ areas.

Another consideration is the effect of the physical properties of probe stimuli.
Lateral ERP asymmetries have been observed even for simple unstructured stimuli
(Friedman et al. 1978). and opposite asvmmetries to auditory and visual prooes in
the same task have been reported (Johnstone 1982). Also, the ERP elicited by
task-irrelevant probes consists mainly of exogenous peaks. which are thought to
be generated by pnmary sensory processes. and the nature of the interacnion of
such sensory processing with higher cognitive processes. which may involve diffe-
rent neural populations, is not known.

It has been proposed that the probe ERP method has the attractive advantages
of "ecological validity’ and freedom from the need to control sumulus- and respon-
se-related factors (Papanicoiaou and Johnstone 1984). This would mean that the

N
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probe method might be applied in more naturalistic ‘real-life’ situations. without
the artificial constraints imposed by well-controlled ERP experiments. However,
upon reflection, it is clear that the probe method does not avoid the need to
control stimulus- and response-related factors and antifacts, since these factors
have strong effects on brain potentiais which can easily be confused with the effects
of cognitive factors per se. If probe ERPs are sensitive to local neural activity, they
will certainly be affected by neural responses to such stimulus and response factors
and will also be affected by eye and muscle artifacts. since random tuming of probes
cannot eliminate the effects of such activity which would be present in naturalistic
situations.

Randomly .imed probes do not provide precise information about the split-se-
cond stages of cognitive processing. The *background information probe’ method
{Thatcher and Maisel 1979) is a more controlled approach which uses probe stimuli
consisting of random-dot patterns flashed at precise fimes duning a task. In a study
of delaved matching of word pairs. the ERP waveforms to probes presented at
different times were distinguishable by factor analysis. However. the word stimuli
themselves provided more information about the localization of linguistic proces-
ses. since the most pronounced asymmetries occurred over the posterior ‘language’
(Wernicke’s) area in response to the second word. [t is possible that with appro-
priate refinements, the probe ERP method could provide useful information, but
many issues must be resoived before it can be used with confidence.
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